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REAL PARTY IN INTEREST 
The Scripps Research Institute, the assignee, is the 
real party in interest. 

RELATED APPEALS AND INTERFERENCES 
Claims 1-20 of parental application Serial No. 
07/961,076 were successfully appealed to the Board (Appeal No. 
1998-0529; Appendix III), and that application is now U.S. Patent 
No. 6,319,695. There are no other related appeals or 
interferences . 

STATUS OF THE CLAIMS 
Claims pending: 21-26, 28-29 and 52-57 
Claims rejected: 21-26, 28-29 and 52-57 
Claims allowed: none 

Claims on appeal: 21-26, 28-29 and 52-57 

Claims cancelled: 1-20 (previously patented) , 27, and 

30-51 (non- elected) 

A copy of the claims on appeal appears in enclosed 

Appendix I . 

STATUS OF THE AMENDMENTS 
The Advisory Action indicated that the last-filed 
amendments would be entered upon filing the Notice of Appeal. 
That Notice having been filed, it is presumed that the last-filed 
amendment has been entered. 

SUMMARY OF THE INVENTION 
The present invention broadly relates to a method for 
enzymatically transferring a fucosyl group to an acceptor 
carbohydrate in a process that is known as fucosylation and a 
system of enzymes for carrying out that method. A contemplated 
process is carried out in an in vitro system utilizing an 
isolated enzyme called a fucosyltransf erase and a catalytic 
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amount of an isolated nucleoside-diphospho fucose forming enzyme 
that are present together (page 4, lines 16-34) . The 
fucosyltransf erase forms an O-glycosidic bond between an 
available acceptor carbohydrate hydroxyl group and a nucleoside 
5 T -diphospho- fucose to yield a fucosylated carbohydrate and a 
nucleoside 5 ' -diphosphate (page 1, lines 31-35). The nucleoside 
5 1 -diphosphate is recycled in situ to form more of the nucleoside 
5 1 -diphosphate- fucose (page 1, line 35 through page 2, line 2) by 
the isolated catalytic amount of nucleoside-diphospho fucose 
forming enzyme. A preferred nucleoside 5 * -diphosphate is 
guanosine 5 ' -diphosphate (GDP) , whereas preferred carbohydrate 
acceptors include N-acetylglucosamine (GlcNAc) , galactose (Gal) , 
N-acetylglucosamine (GalNAc) , N-acetyllactosamine (Galpl , 4GlcNAc) 
and sialylated acceptors (NeuAc-acceptor) (page 2, lines 2-8). 
The systems can also include catalytic amounts of nucleotides 
(page 12, lines 26-32, page 15, lines 12-22, and Schemes 12, 13, 
19 and 20 at pages 43, 45, 55 and 56, respectively) . Certain 
embodiments of the invention include a guanosine . diphospho - 
mannose pyrophosphorylase along with the nucleotides and a 
catalytic amount of a nucleoside-diphospho fucose forming enzyme 
such as a guanosine diphospho- fucose pyrophosphorylase (pages 38- 
42, and 54-56, Schemes 10, 11, 12 and 19 at pages 41, 43 and 55, 
respectively) . . 

GROUNDS FOR REJECTION TO BE REVIEWED ON APPEAL 

1. WERE THE PENDING CLAIMS PROPERLY REJECTED UNDER 35 U.S.C. 
§103 CLAIMS OVER THE COMBINED TEACHINGS OF BERGH ET AL., IN VIEW 

OF PRIEELS ET AL. AND SCHACHTER ET AL . ? 

2. WERE THE PENDING CLAIMS PROPERLY REJECTED UNDER 3 5 U.S.C. 
§103 CLAIMS OVER THE COMBINED TEACHINGS OF BERGH ET AL., IN VIEW 

OF PRIEELS ET AL . AND SCHACHTER ET AL, AS ABOVE AND FURTHER IN 

VIEW OF DEMAIN ET AL . ? 
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3. WERE THE PENDING CLAIMS PROPERLY REJECTED UNDER 35 U.S.C. 
§103 CLAIMS OVER THE COMBINED TEACHINGS OF BERGH ET AL., PRIEELS 
ET AL., SCHACHTER ET AL. AND FURTHER IN VIEW OF DEMAIN ET AL. AS 
ABOVE AND FURTHER IN VIEW OF YAMAMOTO ET AL . ? 

4 . HAVE THE ACTIONS PROPERLY DEALT WITH THE CLAIMED 
RECITATION THAT THE NUCLEOSIDE-DIPHOSPHO FUCOSE FORMING 
ENZYME IS PRESENT IN A CATALYTIC AMOUNT? 

GROUPING OF CLAIMS 
The claims stand or fall together. 

ARGUMENT 

A. THE REJECTIONS UNDER 35 U.S.C. §103 ARE 

BASED ON AN IMPROPER HINDSIGHT RECONSTRUCTIONS 

OF THE CLAIMED SUBJECT MATTER 



1 . Bergh, in view of Prieels and Schachter 
Claims 21-23, 25, 52, 54 and 56 were rejected as 
allegedly obvious from the combined teachings of Bergh et al . US 
Patent No. 4,925,796 [Bergh] in view of Prieels et al . , J". Biol. 
Chem. 256(20) : 10456-10463 (1981) [Prieels] and Schachter et al . , 
Methods Enzymol . 28:285-287 (1972) [Schachter]. The Final Action 
and Advisory note that Bergh teaches the use of a 

fucosyltransf erase as disclosed by Prieels to be present in human 
milk and GDP-fucose to carry out a fucosylation reaction, while 
omitting a disclosure of a GDP-fucose forming enzyme, fucose 
kinase and GDP-pyrophosphorylase . Schachter teaches the separate 
preparation of fucose kinase and GDP-pyrophosphorylase from the 
same cellular source in the preparation of the GDP-fucose needed 
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by Bergh. The Actions concluded that based on these disclosures, 
a worker of ordinary skill would have combined the enzymes and 
substrates to arrive at the claimed subject matter. This basis 
for rejection should be reversed. 

Looking at the relied-on art, it cannot be disputed 
that Schachter precipitated and separated the kinase enzyme and 
its reaction from the nucleoside-diphospho fucose forming enzyme 
and its reaction. Schachter used two different reactions and two 
different vessels. The Schachter paper teaches that the two 
enzymes are utilized separately in that fucose kinase is 
precipitated and separated from the remainder of the preparation 
before the GDP- fucose is made using the prepared fucose 
1 -phosphate, GTP and the GDP- fucose forming enzyme. (See, 
paragraph bridging pages 286-2 87, first sentence.) 

The fact is that Schachter separated the two enzymic 
activities from the same preparation before he used them. If he 
thought they were compatible, he could have done the reaction 
using a single preparation and saved himself a great deal of time 
and difficulty in the laboratory. Those separation activities 
and the self -subjection to further work are akin to the non- 
assertive conduct exception to the hearsay rule of evidence such 
as where a ship's captain inspects his ship prior to setting sail 
being evidence that he thought the ship to be in safe condition 
prior to leaving port . 

There is neither teaching nor suggestion in Schachter 
from use of separated reaction mixtures and isolations that the 
two enzymes recited in claim 21 could be used together and would 
not interfere with each other. It is rather the case that the 
suggestion from Schachter is that the two enzymes should be 
separated for use in that that is what Schachter did. Schachter 
actually therefore teaches away from the claimed invention. 

Indeed, in native form, the fucosyltransf erase is 
membrane -bound (page 18, first sentence) , and therefore may not 
interact with the GDP-fucose forming enzyme. There is neither 
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teaching nor suggestion in any relied-on disclosure that the two 
enzymes would be compatible together. Before Dr. Wong's reports, 
the literature contained no evidence of two such enzymes acting 
together in an in vitro system. There was therefore not the 
reasonable expectation of success required by In re Vaeck, 947 
F.2d 488, 492, 20 U.S.P.Q.2d 1438, 1442 (Fed. Cir. 1991). 

The Actions argued that each of the recited claim 
elements was disclosed separately in the art, and because each 
was known, it would have been obvious to put them together as is 
claimed here. On the other hand, the file of this application 
and its immediate predecessor contain a Declaration executed on 
November 08, 2004 by a pre-eminent worker in this field, Dr. 
James Paulson, a lead author whose work is cited in the text of 
the relied-on Bergh patent (col. 14 , lines 54-60). Dr. 
Paulson's Declaration pointed out that the enzymes involved here 
do not naturally occur in the same cellular compartment, nor do 
they act in the same cellular compartment, and that one of the 
enzyme products, GDP-fucose, gets transmitted back and forth 
between the Golgi and cytoplasm where those enzymes work in their 
natural environment . 

It was also known in the art that a similar system 
containing the enzymes that form CDP from CMP (nucleoside 
monophosphokinase) , pyruvate kinase and CMPNeuSAc synthase were 
in fact incompatible because of enzymic degradation of CMP. See, 
David et al . , Adv. In Carbohydr. Chem. and Biochem. , 49:175-237, 
at 215 (1991). Additionally., the synthase is inhibited by CMP. 

See, for example, David and Auge' , Pure & Appl. Chem., 
59(11)11501-1508, at 1505 (1987). 

Based on those facts and because of the differences 
between cellular and in vitro manufacture of fucosylated 
products, Dr. Paulson opined that "the worker of ordinary skill 
at the time the claimed invention was made would have been more 
likely to expect interference between the enzymes, reactants and 
products than a lack of such interference and therefore would 
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have required direct evidence of a lack of interference." 
(Paulson Paragraph 15) . He further stated that a skilled worker 
at the time the parental application was filed would have no way 
to know if the enzymes and their respective substrates were 
compatible with each other in an in vitro environment until 
someone tried to put them together (Paulson Paragraph 16) . 

More colloquially, if "Mother Nature" separated the 
enzymes, reactants and products, there must have been a reason. 
Schachter did the same thing. The evidence in this record 
further holds that motivation for putting the enzymes together 
was thus not intuitive, and there was only hindsight motivation 
for a worker of ordinary skill to combine the relied-on teachings 
as had been done (Paulson Paragraph 17) . 

The Actions attempted to refute Dr. Paulson's points by 
noting that the enzymes are active at the same pH value and 
temperature. That statement is correct for the recited enzymes, 
as it is for the vast majority of enzymes in the human body 
except for those found in the gut, but it does not refute the 
fact pointed out by Dr. Paulson that the enzymes naturally exist 
in different areas of the cell. The art supplied with the RCE 
and Preliminary Amendment filed in February of 2005 (Capasso and 
Hirschberg; Pauslon et al . ; Larsen et al . ; Cosson et al . ; 
http: //mcb.berkeley . edu/courses/mcbl3 7/exercises/Lesson9%2 0- 
%20pH%20Regulation.pdf ; and David and Auge') demonstrate that the 
enzymes are indeed located in different organelles of a cell and 
exist under different conditions. 

In responding to a comment that the Action paid little 
heed to Dr. Paulson's comments, the Advisory first said "Dr. 
Paulson's opinion is regarded very highly. The opinion evidence 
presented by Dr. Paulson has therefore been carefully scrutinized 
and assessed." (Advisory mailed 02/13/2 006, at page 3.) Then, in 
the next sentence, the Advisory mischaracterized Dr. Paulson's 
comments by stating: "Dr. Paulson 1 s expert assertion, that the 
enzymes function at 'quite different' pH values (Declaration of 



-6- 



Serial No. 09/992,680 



Dr. James C. Paulson, item 13) has been demonstrated on the 
record as being inaccurate based on the disclosures of the cited 
references." (Citations omitted.) In reality, Dr. Paulson's 
Declaration said no such thing and actually stated: 

12) That the enzymes involved in the claims 
do not naturally occur together in the 
same compartment in eukaryotic cells, 
rather, 

a) the fucosyltransf erase is inside the 
Golgi apparatus, and the GDP-fucose and 
GDP-mannose forming enzymes are in the; 
cytoplasm, 

b) the enzymes are thus separated by a 
membrane ; and 

c) the finished GDP-fucose is 
transported into the Golgi apparatus, 
and the GDP product is exported back 
into the cytoplasm. 

13) That the two cellular two compartments 
are documented to be quite different 
from each other in pH, reducing 
environment, and the like; 

14) That the Action's reliance at page 6 on 

the true statement that "GDP-fucose is 
continually synthesized by 
physiologically 'normal' cells 
containing numerous other enzymes, none 
of which interfere with each other to 
block the synthesis" is misplaced 
because of the differences between 
cellular and in vitro manufacture of 
GDP-fucose and fucosylated products; 



Thus, Nature has separated the different 
glycosyltransf erases and separated all of those transferase 
enzymes from the enzyme that forms their nucleoside-diphospho 
fucose reactant . None of the relied-on teachings places the 
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enzymes together, and none teaches use of a catalytic amount of 
the nucleoside-diphospho sugar forming enzyme. 

It is submitted that it is incorrect that mere 
recitation of the enzymes in the art is sufficient to find 
obviousness when the art knew so much more about the enzymes, 
their locations, functions and incompatibilities of other enzymes 
in the glycosylation pathway. This Board noted in the parental 
appeal that obviousness requires "a reason, suggestion or 
motivation to lead an inventor to a combine ..." teachings, and 
that one must also have a reasonable expectation of success in 
achieving the invention (Appeal No. 1998-052 9 at page 3, citation 
omitted) . At best, the art here might make the claimed 
combination "obvious to try". However, the law requires a 
likelihood of success to transform that which might be "obvious 
to try" into to that which is obvious under In re O' Farrell, 853 
F.2d 894, 904, 7 U.S.P.Q.2d 1673, 1681 (Fed. Cir. 1988), and Dr. 
Paulson's Declaration points to the lack of such a likelihood. 

Even more, the law requires that the Actions show 
reasons that a skilled worker having the same problem and no 
knowledge of the claimed invention would select and combine 
elements from the art in the same manner as the claims. In re 
Rouffet, 149 F.3d 1350, 1357, 47 U.S.P.Q.2d 1453, 1457-8 (Fed. 
Cir. 1998) . This procedure has not been followed here, and this 
basis for rejection should be reversed. It is submitted that 
even if one could find motivation for the combination here, Dr. 
Paulson's Declaration and the supplied art illustrate a lack of a 
reasonable expectation of success at the time of the filing. As 
such, it is again submitted that the obviousness rejections 
should be reversed. 

The Actions continued to rely on the Prieels paper that 

reported isolation of an al , 3/4 -fucosyltransf erase from human 
milk. Although an active enzyme was found in human milk, no 
fucosyltransf er activity within the milk has been established or 
even asserted in the Actions for that enzyme. Furthermore, as 
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noted in Dr. Paulson's minireview [Pauslon et al . J. Biol. Chem. 
264 (30) :17615-17618 (1989)] enclosed with the prior Preliminary 
Amendment and RCE mailed February 8, 2 005 as Exhibit 2 at page 
17615 in the left column, the Golgi -attaching tail of several 
glycosyltransf erases is cleaved, releasing the enzyme to the 
cytoplasm, milk and other body fluids, so the enzyme found in 
milk is not the same as that found in the Golgi wall. 

It is submitted that the fact that an active enzyme is 
present in milk in no way implies that that enzyme reacts with a 
substrate in the milk. Thus, active human erythropoietin (EPO) 
that regulates red blood cell production is made in the kidney 
and liver. Active EPO was recovered from human urine until U.S. 
Patent No. 4,703,008 issued [Amgen Inc. v. Chugai Pharmaceutical 
Co., 927 F.2d 1200, 1203, 18 U.S.P.Q.2d 1016, 1018 (Fed. Cir. 
1991), cert. den. 502 U.S. 856 (1991)] but EPO does not regulate 
red blood cell production from the bladder. 

Thus, the ability to obtain an active enzyme from human 
milk only illustrates the fact that an active al , 3/4 -f ucosyl- 
transf erase is present in and extractable from human milk. That 
teaching says nothing more about the claimed combination of that 
enzyme with a nucleoside-diphospho fucose forming enzyme than 
finding the enzymes to be available in the Sigma Chemicals 
catalog. The point again is that that enzyme normally acts in 
the inside of Golgi, whereas the other recited enzyme is active 
outside the Golgi in the cytosol . 

The Actions have read the words of the art out of 
context, taking as much as was needed to form a sum that includes 
the claimed subject matter, while discounting evidence of a 
world-recognized expert. Dr. Paulson stated that a skilled 
worker at the time the parental application was filed would have 
no way to know if the enzymes and their respective substrates 
were compatible with each other in an in vitro environment until 
someone tried to put them together (Paulson Paragraph 16) . The 
documentary evidence in this record further holds that motivation 
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for putting the enzymes together was not intuitive and there was 
only hindsight motivation for a worker of ordinary skill to 
combine the relied-on teachings as had been done (Paulson 
Paragraph 17) . 

When one looks at what was done by other workers of 
skill in this art prior to Dr. Wong's publications, one sees that 
no one put these enzymes together even though they were 
available. Schachter had his enzymes in 1972 and Prieels had his 
in 1981. Thus, it took about twenty years from the Schachter 
work and about ten years from Prieels for Dr. Wong to do what was 
so blatantly obvious from the asserted motivation to combine. 

When the materials were as readily available as has 
been asserted, and the claimed invention was as obvious as has 
been asserted, someone would have done what Dr. Wong did long 
before he did it. The fact is no one did it. The Actions 
counter by relying on the holding of In re Wright, 569 F.2d 1124, 
1128, 193 U.S.P.Q. 332, 335 (C.C.P.A. 1977) to the effect that 
the age of cited art is not of import to a lack of obviousness 
without a showing that the art tried and failed. 

That holding was made in Wright under a different set 
of facts in which the finding of obviousness was ultimately based 
on a single teaching. That fact notwithstanding, it is submitted 
that each relied-on teaching of record that shows use of one or 
the other of the recited enzymes alone and not present together 
as claimed is itself evidence of such a failure of the art. 

Evidence of the import of the present invention is of 
record in the C&EN article of December 7, 1992 that was filed as 
Document A3 7 of the IDS. There, four pages of a weekly chemical 
science news magazine were devoted almost exclusively to Dr. Wong 
and his cyclic reactions such as the present fucosylation (shown 
on the bottom left of page 2 6 and discussed in the diagram of 
page 27) , and the ability that Cytel Corporation had through its 

licenses with Dr. Wong and Scripps "to make sialyl Lewis x 
enzymatically on a large scale." (Page 27, left column, last 
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lines.) It was noted in the text on page 26, bottom left to 
middle column, that in 1991 the cost of sialyl Lewis x was $3 
billion per kg and that was reduced to $2 billion per kg in 1992. 
This invention thus did help to answer a long felt need and an 
implication of a trial and failure of others in the high cost of 
sialyl Lewis x , and that evidence has been of record for some 
time . 

None of the relied-on art teaches or suggests an in 
vitro. system that places together an isolated glycosyltransf erase 
and a catalytic amount of an isolated enzyme that forms a 
nucleoside diphosphate sugar substrate for the transferase as is 
here claimed. One cannot logically prove non-existence. 
However, the absence of facts is itself evidence that a 
combination of teachings that was supposed to be so facile and 
made with such apparent motivation but never existed in the 
literature was not as appropriately combined as one might have at 
first thought. Although seemingly simple, the workers of 
ordinary skill never put this invention together because they 
could not look backwards and say that since it was done, it was 
obvious to have done it. The Action has improperly reconstructed 
the claimed subject matter through hindsight based on the 
teachings of the application itself, and this basis for rejection 
should be reversed. 

2. Bergh, Prieels, and Schachter 

further in view of Demain et al . 

Claims 21-25, .52, 54, 55 and 57 were also rejected over 
the combined teachings of Bergh, Prieels and Schachter 
disclosures as applied above, and further in view of the 
teachings of Demain et al . US Patent No. 4,178,210 [Demain], The 
Demain et al . patent teaches the use of a PEP/pyruvate kinase ATP 
regenerating system. The deficiencies of the tripartite Bergh, 
Prieels and Schachter disclosures have been discussed as they 
apply to the present claims. As such, adding an out of context 
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disclosure concerning the well-known ATP regenerating system that 
Demain used to boost production of a cephalosporin provides 
nothing more to the tripartite disclosures in regard to the 
independent claims and therefore cannot make, obvious the claims 
that depend from those unobvious independent claims. 

Although the Actions spend a lot of time on it, an ATP 
regenerating system is not recited in any of the claims at issue 
here. That ATP can be used to prepare fucose-l-phosphate is not 
relevant to these claims that do not recite that method of 
preparation. That is not to say that ATP cannot be present, but 
rather that it is not recited in the claims, nor is it needed. 
The Board's attention is invited to Schemes 12 and 13 at pages 43 
and 45, as well as Schemes 19 and 20 on pages 55 and 56 on this 
point, as was the Examiner's attention on more than one occasion. 
It is there shown that the kinase recited in the claims is used 
to form GTP and then GDP-Fuc. 

The Actions cite Scheme 1 (page 13)' in regard to the 
presence of ATP, and state the 

applicant's argument that the claimed process 
does not 'require' ATP is entirely at odds 
with the process as actually disclosed. That 
is, applicant argues that ATP is not required 
in their process, yet simultaneously 
discloses a methodology, and recites claim 
limitations, which are entirely at odds with 
applicant's own argument. (Advisory mailed 
02/13/2006, at page 6.) 

As can be seen, the ATP in Scheme 1 is used to prepare CDP from 
CMP and Fuc-l-P from fucose. On the other hand, the claims 
recite GTP that is used in Schemes 12, 13, 19 and 20 with a 
catalytic amount of nucleoside-diphospho fucose forming enzyme to 
prepare GDP-Fuc that is the active fucosylating agent. To rely 
on a disclosure that recites an ATP regenerating system to 
augment the Bergh or Schachter disclosures to make them operable 
because "Schachter' s process requires ATP..." (Final Action at page 
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10) , only underscores the inapplicability of those disclosures to 
these claims, and the patentability of these claims over those 
disclosures. It is submitted that this basis for rejection 
should be reversed. 

3. Bergh, Prieels, Schachter, and Demain 
further in view of Yamamoto et al . 

Claims 21-26, 28, 29 and 52-57 were also rejected over 
the combined teachings of Bergh, Prieels, Schachter and Demain 
disclosures as above, further in view of the teachings of 
Yamamoto et al . , Agric. Biol. Chem. 48 (3) : 823-824 (1984) 
[Yamamoto] . Yamamoto is cited for its disclosure of a NADH/NADPH 
regenerating system and the preparation of GDP-fucose from GDP- 
mannose that is recited in dependent claim 26, and the conversion 
of GDP-mannose to GDP-fucose that are recited in claims 28 and 
29. The Advisory Action did not mention the reply to the 
Yamamoto-based rejection of the Final Action, but that rejection 
is dealt with here lest any waiver be held for a failure to reply 
here . 

The previous discussion has illustrated the 
inappropriate basis for rejection provided by the combination of 
the Bergh, Prieels, Schachter and Demain disclosures. The 
addition of the Yamamoto teachings to provide the isolated 
disclosure of converting GDP-mannose into GDP-fucose cannot make 
the otherwise unobvious independent claims obvious, nor can those 
disclosures make obvious the claims that depend from those 
unobvious independent claims. It is thus submitted that this 
basis for rejection, if still present, be reversed. 
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B. The Actions have not given appropriate weight to 
the claim limitation regarding the amount of 
nucleoside-diphospho fucose forming enzyme 

The Actions have also failed to properly come to grips 
with the claimed recitation of a catalytic amount of an isolated 
nucleoside-diphospho fucose forming enzyme being present along 
with the isolated fucosyltransf erase . GDP- fucose, the product of 
the former enzyme, can be an inhibitor of the fucosyltransf erase 
under particular conditions. The application, beginning at 
midway down page 24 and continuing over the next several pages 
provides ample citations and data such as at least the data of 
application Fig. 3 showing inhibition of a fucosyltransf erase by 
GDP in the presence of GDP-fucose for the skilled worker to 
appreciate the similarity of the feed-back product inhibition 
that these enzymes undergo. Thus, similar pH optima 
notwithstanding, there was ample art-recognized evidence for 
believing there could be an adverse interaction in the present 
system. 

Schachter, who did not use both isolated enzymes 
together, faced no such potential problem of inhibition by too 
much GDP-fucose. He could and did therefore use as much enzyme 
as he could muster. He faced a different problem from that faced 
by these inventors . 

The Actions dealt with this matter by asserting that 
"the enzyme is disclosed as having catalytic activity. The 
enzyme is therefore disclosed as being present in a catalytic 
amount." (Advisory at page 6.) That assertion implies that 
product interference does not occur. That assertion also implies 
that an amount of enzyme that can be identified as present but is 
so small as to be ineffective would also be a catalytic amount. 
That assertion also implies that a ten-fold stoichiometric excess 
amount of enzyme would also be a "catalytic amount" . 
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The assertions of the Action therefore imply that the 
phrase "a catalytic amount" has no meaning, as every catalyst 
would be present in a catalytic amount. That interpretation is 
contrary to the Supreme Court's admonition that "[e]ach element 
contained in a patent claim is deemed material to defining the 
scope of the patented invention". [Warner- Jenkinson Co. v. 
Hilton Davis Chemical Co., 520 U.S. 17, 29, 117 S. Ct . 1040, 
1049, 41 U.S. P. Q. 2d 1865, 1871 (1997)] 

Interestingly, a cursory look at the US Patent and 
Trademark Office web site shows that more than 3500 presumptively 
valid US patents use the phrase "catalytic amount" in their 
claims. As a consequence, more than 350 0 sets of inventors, 
examiners and counsel thought the phrase had other than the throw 
away meaning ascribed to it in the Actions of record. 

It is thus again submitted that these rejections should 
be reversed. 

One copy of this Appellants Brief on Appeal enclosed, 
along with the enumerated Appendices and the required fee. No 
further fee or petition is believed to be necessary. However, 
should any further fee be needed, please charge. our Deposit 
Account No. 23-0920, and deem this paper to be the required 
petition. 



Respectfully submitted, 




Edward P. Gamson, Reg. No. 2 9,381 
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CLAIMS ON APPEAL 



21. An in vitro reaction system for synthesis of 
fucose-containing oligosaccharides comprising an isolated 
fucosyltransf erase and a catalytic amount of an isolated 
nucleoside -diphospho fucose forming enzyme that are present 
together. 

22. The in vitro reaction system of claim 21 wherein 
the nucleoside-diphospho fucose forming enzyme is guanosine 
diphospho -fucose pyrophosphorylase . 

23. The in vitro reaction system of claim 21 which 
further comprises a kinase. 

24. The in vitro reaction system of claim 23 further 
comprising a pyruvate kinase. 

25. The in vitro reaction system of claim 23 wherein 
the kinase is a fucose kinase. 

26. The in vitro reaction system of claim 56 further 
comprising a NADPH regeneration system. 

28. The in vitro reaction system of claim 53 wherein 
guanosine diphosphate mannose is generated in situ from guanosine 
triphosphate and mannose -1 -phosphate . 

29. The in vitro reaction system of claim 28 which 
further comprises pyruvate kinase and guanosine diphospho-mannose 
pyrophosphorylase . 



52. The in vitro reaction system of claim 21 further 
including a catalytic amount of GDP, GTP or both GDP and GTP. 



53. The in vitro reaction system of claim 21 wherein 
said nucleoside-diphospho fucose forming enzyme forms GDP-fucose 
from GDP-mannose. 

54. An in vitro reaction system comprising a 
fucosyltransf erase, a catalytic amount of a guanosine diphospho- 
fucose pyrophosphorylase and a catalytic amount of GDP, GTP or 
both GDP and GTP that are present together. 

55. The in vitro reaction system of claim 54 which 
further comprises one or both of a pyruvate kinase and a fucose 
kinase . 

56. An in vitro reaction system comprising a 
fucosyltransf erase, a catalytic amount of a guanosine diphospho- 
mannose pyrophosphorylase and a catalytic amount of GDP, GTP or 
both GDP and GTP that are present together. 

57. The in vitro reaction system of claim 56 which 
further comprises pyruvate kinase. 
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Applicant:^ Chi-Huey Wong et al. 

Serial No. : 09/992,680 

Filed: November 19 r 2001 

For: Production Of Fucosylated 
Carbohydrates By Enyzmatic 
Fucosylation Synthesis Of 
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DECLARATION OF DR. JAMES C. PAULSON 

Mail Stop AF 
Commissioner for Patents 
P.O. Box 1450 

Alexandria, VA 22313-1450 
Sir: 

DR. JAMES C. PAULSON DECLARES: 

1) That he is employed by The Scripps Research 
Institute, of La Jolla, California, the assignee of the 
subject application; 



2) That a true copy of his Curriculum Vitae is 
attached to this Declaration; 
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3) That at the time this invention was made he was 
employed by Cytel, Corp. as its Vice President of Research; 

4) That the Cytel Corp. was engaged in research and 
development of potential treatments that utilized 
carbohydrate molecules such as those synthesized by the 
reaction of the claims; 

5) That as part of his duties at Cytel, he was in 
part responsible for licensing the technology of the 
subject application as well as other technology developed 
by Dr. Wong alone or Dr. Wong and his co-workers / as well 
as technology from other research groups; 

6) That the subject application is now licensed by 
Neose, Corp.; 

7) That he is an advisor to Neose, Corp; 

8) That he has read and is familiar with the 
application, the Action, including Examiner's remarks, and 
the art that forms the bases for rejection; 

9) That he is the Paulson of the "Paulson et al* J. 
Biol. Chem.," cited at column 14, lines 57-58 of the Bergh 
et al. patent whose disclosures are relied upon in the 
Action . 

10) That it is his recollection of the events at the 
time this and other inventions of Dr. Wong were made, that 
each new 1 nucleotide-sugar cycle' completed by Dr. Wong and 
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his group was greeted by scientific community of workers of 
ordinary skill as another example in a remarkable series of 
related but independent achievements; 

11) That each of the relied-on disclosures identifies 
individual enzymes and how they can be used independently 
of each other to either synthesize GDP-fucose or to carry 
our fucosylation using GDP-fucose; 

12) That the enzymes involved in the claims do not 
naturally occur together in the same compartment in 
eukaryotic cells, rather, 

a) the fucosyltransferase is inside the Golgi 
apparatus, and the GDP-fucose and GDP-mannose forming 
enzymes are in the cytoplasm/ 

b) the enzymes are thus separated by a membrane; 

and 

c) the finished GDP-fucose is transported into 
the Golgi apparatus, and the GDP product is exported back 
into the cytoplasm. 

13) That the two cellular two compartments are 
documented to be quite different from each other in pH, 
reducing environment, and the like; 

14) That the Action's reliance at page 6 on the true 
statement that "GDP-fucose is continually synthesized by 
physiologically 'normal' cells containing numerous other 
enzymes, none of which interfere with each other to block 
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the synthesis" is misplaced because of the differences 
between cellular and in vitro manufacture of GDP-fucose and 
fucosylated products; 

15) That because of the above-stated differences 
between cellular and in vitro manufacture of fucosylated 
products , the worker of ordinary skill at the time the 
claimed invention was made (using the first filing date of 
1991 as that date for this paper) would have been more 
likely to expect interference between the enzymes, 
reactants and products than a lack of such interference and 
therefore would have required direct evidence of a lack of 
interference; 

16) That there was no way for a worker of ordinary 
skill in this art to know if the enzymes and their 
respective substrates were compatible with each other in an 
in vitro environment until tried; 

17) That in view of those differences, the motivation 
for putting the enzymes together is not intuitive and there 
was no motivation for a worker of ordinary skill at the 
time this invention was made to combine the relied-on 
teachings as has been done in the Action; 

18) That it is his further view that the Action has 
made a hindsight reconstruction to match the teachings with 
the claimed invention; 

19) That all statements made herein of his knowledge 
are true and all statements made on information and belief 
are believed to be true; and further, these statements were 
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made with the knowledge that willful, false statements and 
the like so made are punishable by fine or imprisonment or 
both, under Section 1001 of Title 18 of the United States 
Code r and that such willful, false statements may 
jeopardize the validity of the above-identified application 
or any patent issuing thereon. 
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Race Is On To Develop Sugar-] 
\nti-iiiflamiiiatory , Ajititumor 



B Biotech companies, 
academic researchers, 
devote major efforts to 
develop therapeutic agents 
based on sialyl Lewis' 

Stu Borman, C&EN Washington 

4 -ntense competition is currently fo- 
cused on development of a new 
J class of drugs related to sialyl 
Le is*— a carbohydrate whose involve- 
merit in a process called cell adhesion 
gives it a central role in inflammation, 
some cancers, and other conditions. 

One biotechnology company pursu- 
ing carbohydrate-based drugs— Cytel, 
of San Diego— has developed a sophis- 
ticated enzymatic method for synthe- 
sizing sialyl Lewis* and related com- 
pounds in large quantities. The enzy- 
matic technique is based in part on 
recent fundamental advances in oligo- 
saccharide synthesis by chemistry pro- 
fessor Chi-Huey Wong and coworkers 
at Scripps Research Institute. 

At the same time, competitors of Cytel 
such as Glycomed (Alameda, Calif.), Ox- 
ford GlycoSystems (Abingdon, UK), and 
Genetics Institute (Cambridge, Mass.), 
have adopted a different approach, fo- 
cusing on finding simplified oligosac- 
charides or oligosaccharide mimetics 
that are more active than sialyl Lewis x , 
or that obviate the need to synthesize the 
expensive compound on a large scale. 

The lead actor in this drama, sialyl 
Lewis*, is a tetrasaccharide (a four-unit 
carbohydrate) that forms the terminus 
of some cell-surface glycoproteins and 
glycolipids. It is a sialic acid derivative 
of the trisaccharide Lewis*. 

Sialyl Lewis* was recently found to 
play an important role in the inflam- 
matory response, a normal body repair 
process in which white blood cells (leu- 
kocytes) are attracted to localized sites 
of infection or injury. However, some- 



times too many leukocytes are recruit- 
ed and normal tissue is destroyed. This 
can occur in septic shock, in chronic in- 
flammatory diseases such as psoriasis 
and rheumatoid arthritis, and in the 
reperfusion tissue injury that occurs 
following heart attach stroke, and or- 
gan transplant 6 

The recruitment of leukocytes to in- 
jured tissue occurs by cell adhesion, a 
process in which endothelial jcells 
(those lining blood capillaries) are stim- 
ulated by signaling molecules (cyto- 
kines) to produce cell-surface adhesion 
molecules. The adhesion molecules 
make the endothelial cells sticky to si- 
alyl-Lewis*-<x>ntaiiung white blood cells, 
which adhere. After binding to the en- 
dothelial cells, the leukocytes are able 
to squeeze past gaps between them 
and enter the adjoining tissue, where 



they can help repair injury, but may 
also sometimes do damage 

The biochemical mechanism of the 
cell-adhesion process involves binding 
by sialyl Lewis* to the glycoprotein E- 
selectin (formerly called ELAM-1, for 
endothelial leukocyte adhesion mole- 
cule-1). E-selectin, the cell-adhesion mol- 
ecule synthesized and expressed on en- 
dothelial cell surfaces in response to 
cytokines, recognizes and binds carbo- 
hydrate ligands like sialyl Lewis* that 
are found on leukocyte surfaces. 

E-selectin is actually one of three se- 
lectins now known. The other two, L- 
and P-selectin, also recognize sialylated 
ligands. 

The binding of sialyl Lewis* to E-s**- 
Iectin in the cell-adhesion process was 
discovered virtually simultaneously in 
1990 by three groups: biochemist James 
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Cytokines signal endothelial cells to 
change shape, thereby opening gaps, 
and to produce cell-adhesion molecules 
called selectins (\ ) on their surfaces 





Sialyl Lewis x groups oh leukocytes bind 
to selectins on endothelial cells. 
Leukocytes then begin to squeeze past 
endothelial cells to she of injury 
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C Paulson and coworkers at Cytel; 
molecular biologist Brian Seed and co- 
workers at Harvard Medical School; 
and pathologist John B. Lowe and co- 
workers at the University of Michigan, 
Ann Arbor. This important finding has 
led to the hot pursuit of sialyl-Lewis*- 
based therapeutic agents. . . 

'If you can develop inhibitors to pre- 
vent the binding of white blood cells to 
the blood-vessel wall, then you can pre- 
vent the recruitment of those cells/' ex- 
plains Paulson. 'Since adhesion mole- 
cules recognize sialyl Lewis* on the 
white blood cells that are recruited, we 
thought that if you could make sialyl 
Lewis* available it might occupy the 
binding sites of the receptor on the blood 
vessel wall and prevent the white blood 
cells from being able to bind. That's the 
basis of the anti-inflammatory action of 
iese compounds." 

In addition to being found on some 
white blood cells, sialyl Lewis* is found 
on various lung-cancer and colon-cancer 
cells. This and other evidence suggests 
that cell adhesion also may play a role in 
the metastasis (spreading through the 
body) of human cancers. 

Unfortunately, sialyl Lewis x is hard to 
obtain because it's very difficult and ex- 
pensive to synthesize chemically. Paul- 
son points out that the 1991 quoted price 
of the compound from the sole commer- 
cial source, Oxford GlycoSystems, was 




Wong: sugar nucleotide reading 



$3 billion per kg, reduced in 1992 to $2 
billion per. kg. This is admittedly an ex- 
trapolation from the price of small quan- 
tities of sialyl Lewis* sold as a research 
reagent. Nevertheless, it's difficult to 
evaluate the clinical potential of a com- 
pound that's so. expensive — or even 
nearly so expensive. 

Considerable research has been done 
on the chemical synthesis of sialyl 
Lewis* by chemistry .professors Akira 
Hasegawa of Gifu University in Japan, 
K. C Nicolaou of Scripps Research Insti- 



Strategy for the enzymatic synthesis of sialyl Lewis* 
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tute, Samuel J. Danishefsky of Yale Uni- 
versity, Richard Schmidt of Konstanz 
University in Germany, and Wong. The 
problem with all-chemical syntheses of 
sialyl Lewis x is that they require multi- 
ple protection and deprotection steps, 
making them impractical for large-scale 
production. 

That's what motivated Wong and co- 
workers to develop an enzymatic syn- 
thesis of sialyl Lewis". Syntheses based 
on enzymes proceed regioselectively 
and stereoselectively — that is, they pro- 
duce specific structural isomers and ste- 
reoisomers— obviating the need for te- 
dious protecting group manipulations. 

Wong and coworkers hoped to mimic 
to some extent the well-tuned, efficient 
pathway of oligosaccharide synthesis 
developed by biological organisms over 
eons of evolution. In oligosaccharide 
biosynthesis, monosaccharides are first 
activated by conversion to sugar nucle- 
otides. Attachment of the nucleotide 
group occurs at the sugars anomeric 
carbon (the carbonyl carbon atom in a 
linear monosaccharide that reacts to 
form the cyclized form of the sugar). 
Nucleotides are good leaving groups 
and therefore facilitate formation of gly- 
. cosidic bonds with anomeric carbon at- 
oms, in reactions that are catalyzed in 
vivo by glycosyltransferase enzymes. 

However, the researchers encoun- 
tered several roadblocks in trying to 
develop an enzymatic synthesis of si- 
alyl Lewis x : 

• The sugar nucleotides used in bio- 
synthesis are too expensive to be used 
as stoichiometric reagents for large- 
scale production. 

• The enzymatic reactions are feed- 
back-inhibited by the nucleoside phos- 
phates produced. 

• The glycosyltransferase enzymes 
needed to catalyze the reactions were 
not readily available. 

Now, Wong and coworkers have de- 
veloped a technique that overcomes the 
first two problems by regenerating the 
expensive sugar nucleotide reactants 
from the product nudeoside phosphates. 
This simultaneously supplies the sugar . 
nucleotide reactants and prevents the 
nucleoside phosphate products from 
building up and inhibiting the reactions. 

The recycling concept was originally 
developed for galactosyl transferase re 
actions in the early 1980s by Wong and 
George M. Whitesides, both then at 
Massachusetts Institute of Technology, 
but was recently developed further by 
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One step in the synthesis of sialyl Lewis* is the enzyme-catalyzed reaction of sialic add nucleotide with a form of 
N-acetyllactosamine to generate a derivative of sialyl N-acetyllactosamine. In a subsequent step, fucose is added to the* 
sialyl N-acetyllactosamine derivative to form sialyl Lewis*. The ability to regenerate the expensive sugar nucleotides used * 
in these reactions (CMP-sialic add in this case) has made large-scale production of sialyl Lewis* possible 

Note CMP e cytosme monophosphate; CDP * cytosine diphosphate; CTP * tytodne triphosphate; ADP * Adenosine diphosphate; ATP *» adenosine triphosphate. Source Ou-Huey Wong * 
and coworkers, /. Atru Chan. Soc. 114. 9283 (1992) 



Wong and coworkers for applicability to 
the synthesis of sialyl Lewis*. Wong's 
group describes the latest developments 
in the sugar nudeotide recycling tech- 
nique in the Nov. 18 Journal of the Amer- 
ican Chemical Society [114/9283 (1992)1. 

The third barrier to development of the 
enzymatic synthesis was the lack of avail- 
ability of the glyoosyltransferases. This 
nroblem was overcome by doning the 
iizymes' genes and using these dones 
to express the enzymes in cell culture. 

The glycosyltransferases needed to 
synthesize sialyl Lewis* indude sialyl- 
transferase and fucosyltransferase. Si- 
alyltransferase was cloned and ex- 
pressed in 1991 by Paulson and cowork- 
ers at Cytel. Fucosyltransferase was 
produced in a similar way in 1992 by 
Lowe and coworkers at the University of 
Michigan. To commerdalize this tech- 
nology, Lowe founded a company called 
Glycogen, which was acquired in Octo- 
ber 1991 by CyteL A third enzyme need- 
ed to synthesize sialyl. Lewis x is galacto- 
syltransferase, but it has been available 
commercially for some time. 

Cytd also recently* licensed the sugar 
nudeotide regeneration technology that 
Wong developed at Scripps. Hence, the 
company now has all the elements in 
place to make sialyl Lewis* enzymatical- 
ly on a large scale. Cytel is already pro- 



ducing several grams of a sialyl Lewis* 
analog this way, arid by year's end ex- 
pects to be making the compound on a 
100-g scale. 

"We believe we've already brought 
the cost down by three or four orders of 
magnitude from the. $2 billion-per-kg 
level," says Paulson. "Without the col- 
laboration with Chi-Huey [WongJ, we 
would not have been able to get where 
we are today" in terms of being able to 
produce sialyl Lewis* so effidently. 

Cytel is interested in pursuing pre 
clinical and clinical trials of a sialyl- 
Lewis*-based agent to treat inflamma- 
tory conditions for which there is no 
existing therapy. 'There are many 
acute indications where people are in 
the hospital and they have a critical 
event that results in the abnormal re- 
cruitment of white blood cells into key 
tissues like lung or kidney, into a trans- 
planted organ, or after myocardial in- 
farction (heart attack)," says Paulson. 
"That's what we envision right now as 
a potential application for our small 
carbohydrate molecules." Cytel has se- 
lected a specific sialyl Lewis* analog for 
clinical testing but cannot reveal its 
identity right now. 

Biotechnology companies like Gly- 
comed, Oxford GlycoSystems, and Ge- 
netics Institute are pursuing a totally dif- 



ferent strategy in their pursuit of oli- 
gosaccharide-based therapeutics. Instead 
of focusing on large-scale production of 
dose analogs of sialyl Lewis*, these com- 
panies want to radically modify the 
structure of sialyl Lewis* to create com- 
pounds that are more active and easier 
to synthesize than the native substance. 
Large, pharmaceutical companies like 
Hoffmann-La Roche and Monsanto are 
also reportedly working on selectin- 
based drugs and are believed to be pur- 
suing a similar strategy. 

Most of these efforts are focused on 
compounds whose structures are much 
simpler than that of sialyl Lewis*. For 
example, at Glycomed, says vice presi- 
dent of R&D Neil Ackerman, "we think 
we can obviate the need for some of the 
more expensive sugars in the backbone 
we're interested in. One obvious strategy 
is to get rid of the sialic add. If you c&n 
find a pharmacophore, or replacement 
unit, for sialic add, then you have a very 
much simpler and less expensive struc- 
ture, and one thaf s easier to synthesize." 

Right now Glycomed is focusing on 
a sulfated trisaccharide as a replace- 
ment for sialyl Lewis*. In this conv 
pound, says Ackerman, "the galactose, 
glucose, and fucose are still in place, 
but there is a pharmacophore in place 
of the sialic acid." 
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Hie core structure of sialyl Lewis* — 
galactose linked to glucosamine — is sim- 
ilar to the simple disaccharide lactose, or 
milk sugar. Glycomed's ultimate strate- 
gy, says Ackerman, "is to replace both 
the sialic acid and the fiicose with ap- 
propriate pharmacophores, so one is us- 
ing a disaccharide moiety, and then 
building that up with structures that are 
very much simpler than sialic acid and 
fucose." The company is collaborating in 
this work with the Alberta Research 
Council, Edmonton. 

Although Glycomed's philosophy be- 
ing at variance with Cytel's, says Acker- 
man, Tm not going to by in any way to 
aigue about Cytel's strategy in terms of 
its novelty and importance If, in fact, we 
ultimately have to work with a sialics 
* id^ntainihg structure, then obviously 
the way they're doing it would be a rea- 
sonable strategy. But we've just decided 
to spend more time simplifying the struc- 
ture so when we get to the manufacturing 
stage we don't have to jump over the hur- 
dle of using enzymatic 
means of synthesis." 

The first application Gly- 
comed is targeting is an 
inflammatory condition 
called acute respiratory dis- 
tress syndrome (ARDS). 
"We think that the ARDS 
market is a very worthwhile 
first target" says Ackerman. 
"But we see ARDS as a pro- 
totype fora number of other 
inflammatory diseases." 

Genetics Institute is also 
interested in developing oli- 
gosaccharide-based anti- 
inflammatory agents. Scien- 
tists there, in conjunction 
with a group at the Medical 
Research Council Clinical 
Research Centre, Middlesex, 
UK, recently published a 
paper on a new set of E-se- 
lectin ligands that are similar 
to those Glycomed is devel- 
oping [Biochemistry, 31, 9126 
(1992)1. 

The Genetics Institute 
compounds are sialyl- 
Lewis x -like natural products 
that contain sulfate in place 
of sialic acid but still bind 
strongly with the selectins. 
"Glycomed has been look- 
ing at exactly the same 
types of compounds/' says 
Ackerman. 'We're in one 



way pleased and in one way chagrined 
to. find that others are doing similar 
things." 

Genetics Institute executive vice 
president L. Patrick Gage says the com- 
pany's goal "is to develop products— 
macromolecules and eventually small 
molecules — that block the interactions 
mediated by the selectins." Earlier this 
year Genetics Institute signed an agree- 
ment with Wyeth-Ayerst, Radnor, Pa., 
to work together on this. 

Oxford GlycoSystems is also in the 
"race to develop carbohydrate-based an- 
ti-inflammatory drugs and also has a 
major corporate partner to help it 
win— in this case, SmithKBne Beecham, 
in King of Prussia, Pa. 

Raj Parekh, Oxford GlycoSystems 
vice president of R&D, says, 'The most 
financially successful pharmaceutical in 
this area is going to have to satisfy sev- 
eral criteria. If s almost certainly going 
to have to be orally active, if s certainly 
going to have a reasonable lifetime, 



low-energy conformation of sialyl Lewis* 





Lowest energy conformation of sialyl Lewis* was determined 
as a guide to development of drug analogs. Conformation is 
shown both in line and space-filling representations 

Note: In space-filling figure, bUcfc* carbon; tight blue * hydrogen; dark blue = nitrogen- 
red = oxygen. Source: Ou-Huey Wong and coworkers, /. Am. Oxm. Soc^ 114, 9283 (1992) 



and if s going to have to be inexpensive 
to make While the Jury's still out, the 
natural carbohydrate will probably not 
meet all of these criteria." 

The company has considerable exper- 
tise in the chemical synthesis pf native 
carbohydrates like sialyl Lewis* and si- 
alyl Lewis*, and it sells them as research 
reagents through a catalog. However, 
these substances are only a starting point 
for drug development. 

"We use medicinal chemistry to make 
related analogs and mimetics of the na- 
tive substances so we can set up differ- 
ential pharmaceutical screens/' says 
Parekh. "With those in place, we find 
the conformations of successful inhibi- 
tors of selectin binding and get rid of the 
carbohydrate components step by step, 
using computational methods and mo- 
lecular design. I can't disclose the details, 
but we've already made a hefty amount 
of progress." 

Wong and coworkers are also now 
investigating some variant structures, 
Using a combined chemi- 
cal-enzymatic approach, 
they are synthesizing ana- 
logs and noncarbohydrate 
mimetics of sialyl Lewis* 
as potential anti-inflamma- 
tory agents. 

In addition, Wong's 
group has developed a 
chemical-enzymatic proce- 
dure for synthesizing aza- 
sugars (carbohydrates in 
which a nitrogen atom re- 
places the oxygen atom in 
the sugar ring). The nucleo- 
side derivatives of aza- 
sugars are also potential an- 
ti-inflammatory and antitu- 
mor agents because they 
inhibit fucosyltransferase, 
one of the enzymes required 
for sialyl Lewis* biosynthe- 
sis. "If you can block the 
synthesis of sialyl Lewis*, 
you can control the cell- 
adhesion process/' says 
Wong. 

Only time will tell which 
corporate or academic re- 
search strategy for develop- 
ing cell-adhesion drugs 
turns out to be best. But it 
seems likely that the winners 
of this high-stakes race for 
sugar-based drugs could 
eventually enjoy some very 
sweet financial rewards. Q 



28 DECEMBER 7, 1992 C&EN 



1/ 



EXHIBIT 1 



Proc. Nad. Acad. Set. USA 

Vol. 81, pp. 7051-7055. November 1984 

Biochemistry 



Mechanisms of glycosylation and sulfation in the Golgi apparatus: 
Evidence for nucleotide sugar/nucleoside monophosphate and 
nucleotide sulfate/nucleoside monophosphate antiports in 
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ABSTRACT The mechanism of translocation in vitro of 
sugar nwitfftfriff and adenosine V phosphate V phoiphomr 
fate (PAPS) into the hunai of rat liver Gotf apparatus vesicles 
has been studied. It has bees previously shown that the Golg! 
a ppar at us membrane has specific carrier proteins for PAPS 
andsngarmideoddes. We now report that translocation of the 
above nucleotide de riva t iv es across Golgi membranes occurs 
via a coupled e^rahnolar exchange with the corrr irponrilng nu- 
cleoside monophosphates. An initial incubation of Golgi vesi- 
cles with GDP-fncose radJoiabded in the guankfine ring resnft- 
ed In accumulation within the lumen of radiolabeled GMP. 
Exit of GMP from these vesicles was spedficafly dependent on 
the entry of (additional) GDP-fbcose into the vesicles (GDP- 
! and other sugar n u cleoti de s had no effect). GDP-fb- 
1 exit of GMP was temperature dependent, was 
blocked by Inhibitors of GDP-focose transport, such as 4,4'- 
dttsothioc^aiiostilb^ add, and appeared to be 

eqnimolar with GDP-focose entry. Preliminary evidence for 
specific, eqnimolar exchange of CMP-AT-acctyfaieurammlr arid 
with CMP, PAPS with 3'AMP, and UDP-gaiactosc and UDP- 
^-acetylghKttsamine with UMP was also obtained. These re- 
sults strongly suggest the cxhtence of different antiport pro* 
tenia witfam the GkiW membrane that mediate the 1:1 ex- 
change of sugar iiudeotldes or PAPS with the corresponding 
nucleoside monophosphate. Such |iroteinfl may have a regula- 
tory role in grycosrlatiofl and sulfation reactions within the 
GolgJ apparatus. 

Recent studies from this laboratory have shown that rat liver 
Golgj-derived vesides can translocate in vitro CMP-Af-ace- 
tytaeuraminic acid (AcNeu), GDP-fucose, UDP-Af-acctyl- 
glucosamine (GlcNAc), and adenosine 3 '-phosphate 5'-phos- 
phosuifate (PAPS) from an external compartment into a lu- 
menai one (1-5). These reactions were found to be (i) satura- 
ble at high concentrations of sugar nucleotides and PAPS, 
(if) temperature dependent, (Hi) inhibited by treatment of the 
Golgi vesicles with proteases under conditions where himen- 
al marker enzymes were not inhibited, and (fv) inhibited 
competitively by the corresponding nucleoside mono-, di-, 
and triphosphate (6). Since the above sugar nucleotides and 
PAPS did not inhibit translocation of each other, it was hy- 
pothesized that there were different translocator proteins in 
the membrane of the Golgi apparatus and that portions of 
these proteins face the cytoplasmic side of the Golgi appara- 
tus membranes. Evidence for translocation of UDP-galao 
tose (Gal) into Golgi vesicles from mammary gland and rat 
liver (7, 8), CMP-AcNeu into rat liver Golgi (9) and hen ovi- 
duct microsomes (10) has also been obtained in other labora- 
tories. 

The aim of the present study was to understand the energy 

The publication costs of this article were defrayed in part by page charge 
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mechanism by which the above sugar nucleotides and PAPS 
are translocated across the Golgi vesicle membranes. We 
now present evidence suggesting that such a mechanism in- 
volves exchange with the corresponding nucleoside mono- 
phosphate via an antiport protein. 

MATERIALS AND METHODS 

Radioactive Substrates. The following radioactive com- 
pounds were used: GDP-L-[l- 14 C]fucose (264 Ci/mol; 1 Ci - 
37 GBq), New England Nuclear; [guanidine~&~ 3 H}GDP-fii- 
cose (667 Ci/mol) synthesized as described (1); [guanidine- 
8- 3 H]GMP (22 Ci/mmoi) synthesized as described (1); [ode- 
mk*-8- 3 H]PAPS (870 Ci/mol) synthesized as described (4); 
[U- 14 C]CMP (375 Ci/mol), Amersham; [U- l4 C]UMP (484 
Ci/mol), Amersham: CMP-( 14 C]AcNeu (1.6 Ci/mol), New 
England Nuclear, [ 3i SJPAPS (1.3 Ci/mmol), New England 
Nuclear; 

Isolation, Integrity, and Topography of Golgi Vesicles. Gol- 
gi vesicles were isolated from rat liver according to the pro- 
cedure described by Leelavathi et of. (11). The vesides were 
enriched, on average, e »40-fo!d in sialyltransferase activity 
(compared to crude homogenate) (1, 4). At least 90% were 
sealed and of the same topographical orientation as in vivo 
(12). 

Translocation Assay. The theoretical basis for the assays of 
translocation of the different nucleotide derivatives into Gol- 
gi vesicles has been described in detail (1, 2, 4). Briefly, it 
consists of (i) determining the total radioactive solutes asso- 
ciated with the Golgi pellet (5J after incubation with radiola- 
beled substrates and centrifugation of the Golgi vesicles (see 
below), and (//) subtracting from this amount the total radio- 
active solutes trapped between the vesicles in the Golgi pel- 
let (5o). This latter value is obtained by multiplying the vol- 
ume outside the vesicles in the Golgi pellet (Vy by the con- 
centration of radioactive solutes in the incubation medium 
([5m]). The volume outside (trapped) vesicles in the pellet 
was measured with a standard nonpenetrator such as 
[*H]methoxyinulin. 

RESULTS 

In previous studies we had shown that sugar nucleotides and 
PAPS were translocated into Golgi vesicles in vitro (1, 5). 
This was done using sugar nucleotides and PAPS labeled 
with different radioisotopes in the nucleotide and sugar or 
sulfate. It was also shown that subsequent to translocation 
into the Golgi vesicle lumen, the sugars and sulfate were 
transferred to macromolecules facing the lumen of the vest- 
Abbreviations: PAPS, adenosine 3 '-phosphate 5'-phosphosutfate; 
DIDS, 4,4'-diisotliic«yanosUlbenc-2»2'-dwulfcwiic acid; GJcNAc, N~ 
acetylgjiTcosamine; AcNeu, W-acctymcuraminic acid; Gal, galac- 
tose. 

'Permanent address: FacuJtad de Ciencias Exactas y Naturales. 
Universidad de Buenos Aires, Buenos Aires, Argentina. 
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cles, while nucleotides accumulated within the vesicles (rela- 
tive to their concentration in the incubation medium) (1, 5). 
That these nucleotides were also leaving the Golgi lumen 
was suggested from experiments in which translocation of 
PAPS radiolabeled in the nucleotide and sulfate was mea- 
sured (4). 

Entry of GDP-Fucose Into Golgi Vesicles Appears to Be 
Concomitant with Exit of GMP. The above studies led us to 
design an experiment to determine whether translocation of 
sugar nucleotides into the lumen of Golgi vesicles was cou- 
pled with exit of nucleotides from the Golgi lumen* For this 
purpose, Golgi vesicles were incubated with GDP-fucose 
^-labeled in the guanidmc ring; the total amouht of radioac- 
tive solutes within the vesicles was determined after differ- 
ent incubation times. As can be seen in Fig. 1, there was a 
time-dependent accumulation of radiolabeled solutes within 
the Golgi vesicles that became constant after 10 min. No 
acid-insoluble radioactivity was detected (not shown). 

In parallel experiments^ GDP4"€]fccose was added (for 
0.5-2 min) to Golgi vesicle suspensions that had been previ- 
ously incubated with fHJGDP-fucose (for 1, 5, and 10 min). 
Fig. 1 shows that addition of GDP-l 14 C]fticose resulted in (0 
a concomitant decrease of the tritiated solutes within the 
vesicles (shown below to be [ 3 H]GMP) and (it) a parallel in- 
crease in 14 C-containing species within the vesicles . This lat- 
ter radioactivity was found to be, as previously determined, 
the sum of 14 C-ccmtaining solutes within vesicles and 14 C- 
containing radioactivity covalently bound to macromol- 




Fio. 1. Translocation of [*H]GDP-fucosc into Golgi vesicles and 
s ubse q uen t exchange of radiolabeled solutes from within the vesi- 
cles. Uftracentrifuge tubes, each containing Golgi vesicles (0.4 mg of 
protein), were incubated for different tunes at 25°C with [guanidint- 
8- 3 H]GDP-L-fucose (0.27 /id; final concentration* 0.4 /iM; arrow 1) 
in 1.0 ml of buffer containing 10 mM Tris'HCl/0.25 M sucrose/1 
mM MgQi/10 mM NaF/0 J mM 23-dimeicaptopropanol, final pH 
7.5(o)» To samples that had bees incubated for 1 (arrow 2) and 5 mm 
(arrow 3), GDP-{ 14 C]fucose (5 $d t 0.12 /iCi; 2 /iM, final concentra- 
tion) was added and the incubation was continued for 0J and 1 min 
(o). To samples that had been incubated for 10 mm (arrow 4) with 
[guanid!ne-& y K)GVP-toc<He, GDP-C^Ctfucosc (5 /4; 0.12 pCi; final 
concentration, 0.45 /iM was added and the mixture was incubated 
for 1 and 2 min (o). To another set of samples that had been incubat- 
ed for 10 min (arrow 4) with [ffaajftf/jse^'HlGDPrfucose, 
[^SJPAPS (5 /d; 0.44 pCi; final corjeentration, 2 /iM) was added and 
the mixture was incubated for 2 and 5 min (a). To another group of 
samples incubated with [gu6niJIn*&- y H}GD 1 P-focotc for 10 min (ar- 
row 4), GDP-l 14 C]maim£Me (3 /d; 0.31 /iCi; final concentration, 1 
pM) was added for 5 min (□). AH reactions were stopped by placing 
tubes in a mixture of ice containing NaCL Samples were then centri- 

fuged, followed by determination of soluble ( ; 3 H species) and 

total (soluble and insoluble) ( ; I4 Cor *S specks) radioactivity 

within the Golgi peDet as described (1, 4). 



ecules facing the lumen of the vesicles (1). For example, 
when vesicles that had been incubated with f 3 H]GDP-fticose 
foe 10 min were then incubated with GDP-["C]fccose for 2 
min, 50% of the [ 14 C]fucose within vesicles was acid-tnsotu- 
ble (not shown). 

The radioactive species within Golgi vesicles, after a 10- 
min incubation with [ 3 H]GDP-fucosc were [ 3 H]GMP (65%- 
90%) and [ 3 fl]guanosine (10%-35%). This result is in agree* 
meat with our i»evious studies (1). The soluble 14 C radioac- 
tive species within vesicles, after a 2-min incubation of the 
Golgi vesicle suspension described above with GDP-I l4 Clfii- 
cose was mostly fucose, while the acid insoluble radioactiv- 
ity was in fucoproteins. Thb result is also in agreement with 
our previous observations (1). 

Exit of GMP front Golgi Veskfes Is Specifically Dependent 
on Entry of GDP-Fucose. Two types of experiment were 
done to determine that exit of GMP from Golgi vesicles was 
specifically dependent on entry of GDP-fticose into the vesi- 
cles: (0 Virtually no exit of 3 H-labeled solutes was observed 
from vesicles that had been incubated first with [ 3 H]GDP- 
fucose for 10 min and then with GDP-[ 14 C]mannose for 5 min 
(Fig. 1). We have obtained no evidence for entry of this latter 
sugar nucleotide into the Golgi lumen. These results strongly 
suggest that exit of [ 3 H)GMPof the previous experiment was 
dependent on entry of GDP-fticose into the vesicles. (#) 
When [ M SJPAPS was added to vesicles that had been previ- 
ously incubated with [ 3 H]GDP-fiicose (for 10 min) there was 
no exit of [ 3 H]GMP from the vesicles (Fig. 1); however, the 
vesicles accumulated both soluble and acid-insoluble radio- 
active sulftff-containing species within their lumen (Fig. 1). 
We have recently shown that translocation of PAPS into 
Golgi vesicles is followed by transfer of sulfate into macro- 
molecules facing the lumen of the vesicles (4, 5). The above 
experiment, therefore, strongly suggests that after a 10-min 
incubation with [ 3 H]GDP-fucose, the Golgi vesicles continue 
to be active in their ability to translocate other nucleotide 
derivatives and that exit of [ 3 H]GMP was specifically depen- 
dent on entry of GDP-fucose. 

Additional evidence for the specificity of stimulation of 
exit of[ 3 H]GMP from Golgi vesicles is shown in Table 1. It 
can be seen that addition of 1-10 ptM GDP-fticose to vesicles 
preloaded with [ 3 H]GDP-fticose resulted in exit of689W9% 
of [ 3 H]GMP from the vesicles. Considerably less exit was 
observed with UDP-Gal and with UDP-GlcNAc, both sugar 
nucleotides that are known to enter Golgi vesicles (3). Table 

Table 1. Effect of sugar nucleotides, temperature, and inhibitors 
of anion transport on exit of pHJGMP from Golgi vesicles 
preincubated with pH]GDP-fucose for 10 min 



Exit 



Incubation 



%PH]GMP 
tin 



Substrate 


Time, min 


vesicles 


GDP-fucose (1 /iM) 


10 


32 


GDP-fucose (10 pM) 


10 


11 


GDP-fucose/DIDS a A*M) 


10 


68 


GDP-fucose (2 /iM) 4°C 


10 


80 


UDP-GfcNAc (3 /iM) 


2 


100 




5 


100 


UDP-Gal (25 /iM) 


10 


89 


PAPS(2/iM) 


2 


100 




5 


100 


Experimental conditions were the same as those described in the 



legend of Rg. 1. DIDS (5 /d; 100 /iM, final concentration) was added 
alter the preincubation; after 5 min, 1 /iM GDP-fiicose was added to 
the suspension. For studies on temperature dependence, the re- 
action was cooled to 4°C after the preincubation and continued 
thereafter at that temperature. 
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1 also shows that exit of pHJGMP was dependent on tem- 
perature. Addition of ^ 

cation (5)> to preloaded vesicles resulted in inhibition of 
GBP&cos^^ the vesicles 

(Table 1). This experiment pro vi^ additional evidence that 
ejrit<rfG^ 

made to measiire^^ 
iito v and exit ^ 

can^be^ 
with[ 3 IflOT 

su^r nucleotide at the begiimins <rf the incubation. This ap- 
pears re 

ti^|the5an«^ ■ 
p^a^ to- ' rO-miri ' incubation with 
l^GDP-ruc^ 
thee*te^ 

Table 2 shows t^ exit 
of [ 3 H]QMP rr^ relative to entry of GDP- 

[^^GJfucose ^aj^l/i^2 nib. We hypothesize that the ap- 
pareirt som ewhatfo^ 
comparfeonWto 

tl&ra^ of 
pHJGDP^ftose 

value is always less, wth ^ that 
of tte ongmid when both external and u> 

ter^jp^ 

cxltl^o^ 
calculations^ 

above. That this is indeed the case can be seen when entry 
and exit of solutes aire calculated after incubation of vesicles 
with [ 3 H]GDP-fura As seen in Table 2, addition 

aJ^^ln^ 

nucleotide pools ^ 1), 
the ajpparem oWeii of sugar nucleotide 

and fexit of 6MP is similar to tliatobs^ed at lQmin (Table 
2). 
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Exit of GMP from Golgi Veskks Preloaded with GMP: Is 
Spedfie. The experiments described in the previous sections 
strorjgly suggest that 

is coupled with a 1:1 stoichiometric exit of GMP firom the 
veskks. We hail observed; in a preununary experiment that 
GWgi vesicles transported GMP in vitro from an external 
compaitinem 
to?det^^ 



to^^lGMP.^ 
[ 3 HJGMPf<*20min;att^ 
ed to the ^ 
soluto that renaair^ 

radioactive spe^ -^^ve^^^ms 
njeafsm^ 

peiision there was ^ 

species within vesicle. Incubation blf GDP-f^Jftjcose for 
0.5 min resulted in exit of 2^^^^ 

#g&§ts|i^ 

rfStic^ 

ter vesicles than ^ 
discrepancy is m cro 
tonger irjeubat^ 
surnptionof^ 

tide derivatives of 

befawse nonradioactive GMP, derived from entry of GDP* 

the tf]^ * V 

Fig. 2 also shows trial eri^ 
specific. Upon ^didon to the vesicles of GMP- AcNeu/no 
e^^radiola^ 

It was also of interest to d^terintee'wte of 
GTP or GDP to vesicles first incubaited with [ 5 1QGMP re- 
sulted in exit of this latter nucleotide from the vesicles. Table 
3 shows that both nucleotides stimulate exit of [?H]GMP, 
altl^j^ithe ef!<& «ra fe^ 
centration of G$&. iSis suggests that the n 
diphosphates were first con verted to the monoipriosr^iates 
(pnwimaably by Gotgi surface phosphatases) prior to entry of 
the monophosphate into the vesicles; however, the possibili- 
ty that the translocaror selectivity may not be abs<rfute can- 
not be ruled out. 



TaMe 2. Stokhiomctry of entry and exit of gnanirtine nucleosides in Golgi vesicles 

















Preincubation 








Exit of 'H 


Entry of 






Time, 




Time, 


solutes, 


solutes. 


Entry/ 


Substrate 


tain 


Substrate 




pmol 


pmol 


exit 


I 3 H]GDP-fiK03e 





GDR-£Qfoo>se (2 mM)„ ..... 


1 


--,4^. 


19^ 


- 4J0 




5 




1 


16.0 


19.1 


L2 




10 


GDP-t 14 C]fbco« (0.45 fiM) 


1 


8^ 


9.5 


1^ 




10 




2 


10.8 


U.3 


1.2 


PH1GMP 


20 


GDP4 14 C]fucose (2 aM) 


OJ 


2.6 


2.9 


1.1 




20 




1 


10.7 


25.4 


2.4 




20 




10 


14.9 


47.1 


3.2 



Gotgi vesicles were first incubated with ['HJGPP-fucose or [ 3 H}GMP as described in the experiments shown in Figs. 1 
and 2. At different times, GDP-{ M C]fucose was then a4ded to the vesicle suspension for 0.5-10 nun. Determination of 
amount of solutes entering and leaving the vesicles was done as described in the legend of Fig. 1. 
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sugar and nucleotide sulfate. Quantitation of solutes entering 
and leaving the vesicles showed these to be occurring in ra- 
tios of close to 1. We know that part of the deviation from 1 
is the result of assumptions on specific activity of solutes as 
previously discussed in detail for GDP-fucose/GMP ex- 
change. Exact quantification of the intralumenal pools of nu- 
cleotide derivatives cannot be made; it is also possible that 
the equilibration time for uridine ami cytidine pools is some- 
what different from the guanidine pools. These results there- 
fore suggest, in a preliminary manner, that the mechanism of 
exchange described in detail for GDP-fucose does also occur 
for other nucleotide sugars and PAPS. 

Absence of Effect of Other Potential Pfcrtartwits on Trans- 
location of Sugar Nucleotides and PAPS late Golgi Vesicles. 
The Mowing compounds, when added to the incubation 
medium, had no effect on translocation in vitro of CMP-Ac- 
Neu into Goigi vesicles: ATP (200 /tM), valinomyctn (20 
ftg/ml), insulin (1 unit/ml), carbonyl cyanide /rtriOuoro- 
mcthbxy pheny&ydrazbne (1-10 /iM), cytochalasin B (2 
pg/ml), nigericin (1-10 /ig/ml), and monensin (1-20 /iM). 
These same compounds as well as phosphoeno^yiuvate 
(100 /iM) and olivomycin (10 /ig/ml) had no effect on the 
translocation in vitro of PAPS. Together, these results there- 
fore support our hypothesis that translocation of sugar nu- 
cleotides and PAPS into Golgi vesicles occurs via an antiport 
mechanism with the corresponding nucleoside monophos- 
phates. 

DISCUSSION 

Evidence in vitro has been obtained showing that entry of 
GDP-fucose into the lumen of Golgi vesicles appears to be 
coupled with equimolar exit of GMP from the vesicles' lu- 
men (Fig. 1). This phenomenon appears to be temperature 
dependent (Table 1), inhibited by D1DS, an inhibitor of 
GDP-fucose translocation, and specific for the type of sugar 
nucleotide. Thus* GDP-mannose, which does not enter Golgi 
vesicles, cannot stimulate exit of GMP (Fig. 1). 

The Golgi vesicles used in this study have the same topo- 
graphical orientation as in vivo (12). This, together with the 
fact that GDP-fucose appears to be synthesized in the cyu> 
sol (13) and previous evidence suggesting translocation of 
intact GDP-fucose into such vesicles (1), leads us to hypoth- 
esize that this translocation assay in vitro is of significance in 
vivo (1). We now postulate that translocation of GDP-fucose 
in vivo occurs via an antiport system such as shown in Fig. 3, 

Table 3. Effect of nucleotide derivatives on exit of nucleoside monophosphates from Golgi vesicles preincubated with nucleoside 
monophosphates or sugar nucleotides 



Incubation 









Exit 








Preincubation (20 min) 




Tune, 


% radioactive solutes 




Entry 


Entry/ 


Substrate 


Substrate 


min 


remaining in vesicles 


pmol 


pmol 


exit 


[ 3 H]CMP(0.4 /tM) 


GTP (1 mM) 


1 


60 










GDP(ImM) 




46 










GMP (1 jiM) 




22 










GDP-t^Qfucose (1 pM) 




29 


19.3 


22.9 


1.2 




GDP-mannose (1 mM) 




9J 








("QCMPflMg/tM) 


CMP-pH]AcNeu (1 /iM) 




43 


70.7 


124.8 


1.8 




CMP (1 fM) 




33 










UDP-GIcNAcd >iM) 


5 


85 








PH)PAPS (0.5 fiM) 


( J5 S]PAPS (1 mM) 


1 


59 


25.3 


29.2 


1.2 




GDP-fucose (1 /tM) 


5 


96 








PHJUDP-GIcNAc (0.39 /iM) 


UDP-l l4 CJC(cNAc (2.1 /tM) 


1 


46 


121.5 


248.7 


2.0 




[ 14 C]UMP (2 /tM) 


1 


50 


109.3 


262.4 


2.4 



Golgi vesicles were first incubated for 20 min with f'HJGMP, [ 14 CJCMP, pHJPAPS, and [ 3 HlUDP-GkNAc. At that time, different radioactive 
and nonradioactive nucleotide derivatives were added to the vesicle suspension for 1-5 min. Determination of radioactive solutes entering and 
leaving the vesicle was done as described in the legend of Fig. 1. 




60 * ~ 




20 25 
Time, min 

Flo. 2. Translocation of C 3 ^*!? into Golgi vesicles and subse- 
quem exchange of radioactive solutes from within the vesicles. UI- 
tracentrifuge tubes, each containing Golgi vesicles as desc ri bed in 
the legend of Fig. U were incubated for 20 min with \gua*idin*Z- 
J H]GMP(0J /iCt; final concentration, 0.3 jiM; arrow 1, •). At that 
time (arrow 2) GDP-{ l4 C]fuco4e (5 jd; 0.13 pd; final concentration, 
2 pM) was added to a group of tubes and the incubations were con- 
tinued for 0.5, l v 2, 4. 6, and 10 min (o). To another group of tubes 
that had been incubated for 20 min (arrow 2) with [guwudine-S^Hh 
GMP, CMP-AcNeu (5 *tl; final concentration, 10 /iM) was added 
and the mixtures were incubated for 10 min (□). Samples were then 
processed as described in the legend of Fig. 1 and Materials and 
Methods. 

FtoUnrinary Evidence for Otber Coupled Sugar Nucteotide/ 
Nucleoside Monophosphate and Nucleotide Siilfate/Nndeoskfe 
Monophosphate Exchange Reactions In the Golgi Apparatus 
Membrane. The above results strongly suggest that nucleo- 
tide sugars enter Golgi vesicles via a coupled equimolar ex- 
change with nucleoside monophosphates. Previous studies 
from our and other laboratories have shown that Golgi vesi- 
cles can also translocate CMP-AcNeu, PAPS, UDP- 
GkNAc, and UDP-Gal. We therefore hypothesized that 
these four nucleotide derivatives enter Golgi vesicles via a 
coupled exchange with the corresponding nucleoside mono- 
phosphate. To obtain preliminary evidence for such a mech- 
anism, Golgi vesicles were first incubated for 20 min with 
[ l4 C]CMP, [*H]UDP-G!cN Ac, or [ J H]PAPS. Table 3 shows 
that exit of the nucleoside monophosphates from the vesicles 
was specifically stimulated by the corresponding nucleotide 



Biochemistry: Capasso and Hirschberg 



Proc Natl Acad. ScL USA 81 (1984) 7055 




Fio. 3. Proposed mechanism oT translocation of sugar nucleo- 
tides and PAPS across Golgi vesicle membranes. GDP-fucose binds 
through the guanidine to a specific antiport : protein with a domain on 
the cytosohc side of the Golgi membrane (I). The sugar nucleotide is 
then translocated intact across the Golgi membrane into the rumen. 
Inside the Golgi himea, GDP-rucose is a substrate, together with 
endogenous glycoproteins and glycolipids (II) for rucosyiation reac- 
tions catalyzed by rncosyltransferases (HI). GDP can then react 
with NDPase (IV) to yield GMP, which then binds the antiport pro- 
tein through its htmenal domain. The nucleoside monophosphate 
can then exchange with cytosolic GDP-fucose in an equimolar stot- 
chiometry. Similar specific antiport proteins are postulated to occur 
for PAPS, CMF-AcNeu, and UDP-GlcNAc (UDf^Gal). 

Several lines of evidence support the scheme shown in 
Fig, 3: GDP-fucose is synthesized in the cytosol (13) and is 
translocated intact across Golgi vesicles via a carrier protein 
(1) now postulated to be an antiport protein. The sugar nu- 
cleotide appears to bind to the antiport protein through the 
nucleotide moiety (6> Once inside the Golgi lumen, the sug- 
ar nucleotide serves as substrate, together with endogenous 
acceptors (glycoproteins and glycolipids), for rucosyiation 
reactions catalyzed by fucosyitransferases. These enzymes 
are known to occur in the Golgi (14, 15) and evidence con- 
sistent with their himenal orientation as well as that of fuco- 
sylated products has also been obtained (1). 

GDP is further degraded to GMP by nucleoside diphos- 
phatase. This enzyme, which appears to be the same as thia- 
mine pyrophosphatase (16), has been shown biochemically 
and cytochemically to have the active site toward the lumen 
of the Golgi (17-21). GMP has been detected in the lumen of 
Golgi vesicles (1, 22) and would then exit the vesicles via a 
coupled equimolar exchange with additional GDP-fucose. 

Preliminary evidence has also been obtained suggesting 
that other sugar nucleotides and PAPS enter Golgi vesicles 
via specific antiports. It was shown that exit of radiolabeled 
nucleoside monophosphates (which had been allowed to en- 
ter vesicles during an initial incubation) could only occur if 
the corresponding nucleotide sugar entered the vesicles (Ta- 
We 3). This coupled exchange also appeared to be e^uirnolar, 
although more definitive studies on tins have to be made. 
Coupled specific equimolar exchange was also observed 
with vesicles preloaded with UDP-GlcN Ac or PAPS radiola- 



beled in the nucleotide. Previous studies from our and other 
laboratories (4, 8) strongly suggest that the radioactive spe- 
cies leaving the vesicles were UMP and 3'-AMP, respective- 
ly. 

Kuhn and While (7) and Brandan and Fleischer (8) had 
previously shown that UMP (derived from UDP-galactose) 
was exiting tfee himen of Golgi vesicles from mammary gland 
add rat liver. This was postulated as a mechanism for de- 
creasing Iumenal accumulation of UMP. Our results are in 
agreement with these observations and further suggest that 
both entry of sugar nucleotides and exit of nucleotide mono* 
phosphates are coupled in an equimotar stokhiornetry. Iso- 
lation and characterization of these different antiport pro- 
teins should lead to a better understanding of their mecha- 
nism of action, inducting a possible role in regulation of 
gjycosylation and sulfation reactions in the Golgi apparatus. 
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Glycosyltransferases 
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Glycosyltransferases involved in the biosynthesis of glyco- 
protein and glycolipid sugar chains are resident membrane 
proteins of the endoplasmic reticulum and the Golgi appara- 
tus. Although the glycosylation pathways in which they par- 
ticipate have been extensively studied and reviewed (1-3), 
major questions remain concerning the molecular basis for 
the subcellular organization of the glycosylation machinery 
and how cells are able to regulate the expression of specific 
carbohydrate sequences. This latter subject is of current in- 
terest in view of increasing evidence that cell surface carbo- 
hydrate groups mediate a variety of cellular interactions dur- 
ing development, differentiation, and oncogenic transforma- 
tion (4-8). This review examines insights into these areas 
afforded by recent successes in the cloning and expression of 
several glycosyltransferases involved in the synthesis of ter- 
minal sequences of glycoproteins and glycolipids. 

Terminal Glycosyltransferases in the Synthesis of 
Glycoproteins and Glycolipids 

Glycosyltransferases transfer sugar residues from an acti- 
vated donor substrate, usually a nucleotide sugar, to a growing 
carbohydrate group. The specificity of the enzymes for their 
donor and acceptor substrates constitutes the primary basis 
for determining the structures of the sugar chains produced 
by a cell It is estimated that 100 or more glycosyltransferases 
are required for the synthesis of known carbohydrate struc- 
tures on glycoproteins and glycolipids, and most of these are 
involved in elaborating the highly diverse terminal sequences 
(2, 9). These enzymes are typically grouped into families based 
on the type of sugar they transfer (gaJactosyhransferases, 
sialyltransferases, etc.). 

Listed in Table I are six glycosyltransferases for which 
cDNAs have been obtained (10-18). M Each enzyme elaborates 
common terminal glycosylation sequences which have been 
reported to occur on N- and 0-Iinked sugar chains of glyco- 
proteins and on sugar chains of glycolipids (2, 4-8, 20). It is 
likely that common terminal sequences of glycoprotein and 
glycolipid sugar chains are synthesized by the same glycosyl- 
transferases. Indeed, each of the cloned glycosyltransferases 
represented in Table I has been purified to homogeneity from 
one or more mammalian sources (2, 9, 21-24), and several 
have been shown to utilize both glycolipids and glycoproteins 
as acceptor substrates in vitro. 
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Domain Structure of Glycosyltransferases 

Gfycosyltransferases Share a Common Domain Structure — 
Comparison of the deduced amino acid sequences of the cDNA 
clones encoding the glycosyltransferases listed in Table I (10- 
18) 1 ** reveals that these enzymes have virtually no sequence 
homology. However, as depicted in Fig. 1, they all have a 
short NHj-terminal cytoplasmic tail, a 16-20-amino acid sig- 
nal-anchor domain, and an extended stem region which is 
followed by the large COOH-terminal catalytic domain (26). 
Signal-anchor domains (25) act as both uncleavable signal 
peptides and as membrane-spanning regions and orient the 
catalytic domains of these glycosyltransferases within the 
lumen of the Golgi apparatus, as illustrated in Fig. 2. 

Relationship between the Stem Region and Occurrence of 
Soluble Glycosyltransferases— The stem region depicted in Fig. 
2 should serve as a flexible tether, allowing the catalytic 
domain to glycosylate carbohydrate groups of membrane- 
bound and soluble proteins of the secretory pathway enroute 
through the Golgi apparatus. Direct evidence for a "stem* or 
spacer region has been obtained for the Gal a2,6-ST and the 
GlcNAc 01,4-GT? (13, 18). Results from NH a -terminal se- 
quence analysis of soluble forms of these enzymes suggest a 
luminal stem region of at least 35 and 62 residues for the two 
enzymes, respectively, which separates the catalytic domain 
from the transmembrane domain and is exposed to proteases. 

Soluble forms of glycosyltransferases have been demon- 
strated and purified from milk, serum, and other body fluids 
(2, 9), and increased serum levels have been noted in disease 
states (28) and inflammation (29). The origin of these en- 
zymes has long been thought to result from proteolytic release 
from the membrane-bound forms of the enzymes (reviewed in 
Refs. 2, 9, 26, 27). Recently results of Jamieson and colleagues 
suggest that the Gal a%6-ST is released from rat liver Golgi 
membranes in response to induced inflammation as a result 
of cleavage by a cathepsin D-like protease within the acidic 
trans Golgi compartment (29). These observations suggest 
that soluble glycosyltransferases could result from the release 
of membrane-bound enzymes by endogenous proteases, pre- 
sumably by cleavage between the catalytic domain and the 
transmembrane domain (26, 29). 

Lack of Sequence Homology within Glycosyltransferase Fam- 
ilies — Common amino acid sequences would be expected 
within families of glycosyltransferases which share similar 
acceptor or donor substrates; however, surprisingly few re- 
gions of homology have been found within the catalytic do- 
mains of glycosyltransferases, and no significant sequence 
homology is found with any other protein in GenBank (10- 
18). w This is especially surprising for the Gal al,3-GT and 
GlcNAc 01,4-GT, two galactosyltransferases. However, while 
these galactosyltransferases exhibit no overall homology, Jo- 



3 The abbreviations used are: GlcNAc 0l,4-GT, 0-W-acetylgIuco- 
saniinide ^,4-galactosyferaiMfi5rase; GlcNAc al,3/4-FT, iV-a«$ylgtu- 
cosaminide al,3/4-fW>syltransferase; Gal al^-GT, 0-galactoside 
aU-galactosyltransferase; Gal a2,6-ST, Gal01,4GlcNAc a2,6-siaryl- 
transferase; Gal al^-FT, l-gslactoside *U~fticosy [transferase; Gal 
al,3-GalNAcT^-(Fucal,2)Gal al^-iV-Bx^tylgalactWriinyitransfer- 
ase; SSEA, stage-specific embryonic antigen; ER, endoplasmic retic- 
ulum; TP A, tetradecanoylphorbol acetate; G^, NeuAc<v2£NeuAca- 
2 r 3Gal^l f 4Glc-ceramide; aiaJoparagloboside, NeuAca2,3GaJ01,4-Gic- 
NAc£l f 3Galjn,4Gk-ceramide; Gm* NeuAca2,3Ga]£l,4Glc-ceramide. 
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Table I 

Cloned glycosyltransferases involved in the synthesis of terminal 
sequences in sugar chains of glycoproteins and gfycotipids 

Abbreviated names combine the acceptor sugar, the linkage formed, 
and the glycosyltransferase family (GT, gala**osyftransferase; ST, 
SLalyitransferase; FT, fucoeyltransferase; GalNAcT, N-acetylgalac- 
tosammyltransferaae). For the sequence formed, the sugar transferred 
ia higM^'e^^ in boidfece, and the acceptor sequence is shown in 
lightfece. R represents the remainder of the glycoprotein or grycohpid 
sugar chain. . 



GlcNAc P M<^■ 



Galal,^-aT 



bovine 



23-2* 20 



357-35* 



murine 




346 



337 



9 17 



"jtT 



=3fc 



3fc 



GLYCOSYL- 
TRANSFERASE 



DONOR 
SUBSTRATE 



SEQUENCE FORMED 



GaJsctuyttmsferases 

Gk*WcBl,4-Cr< 1 °- 1 5> UDP<3*1 
(EC14.U8) 

Gatal^GTt 16 - 17 ) UDP-Gil 
<&C14,U3l> 

Slalyttransferase 

GaJa2,6-ST( ,8 > 

(EC 1459.1) 

Fucosyttransferases 

GlcNAc at 3-FT 1 
(EC 2.4. 1.65) 



Gal{Jl,4GkNAc*R 
Gatal3CUI0MGlcNAc-R 



CMP-NcuAc NeuAcaZ^Ga$1.4GIcNAc-R 



GDP-Fuc 



GalaU-FT* 
(EC 2.4,1.69) 



N-Acetytgalactosaminyt- 
transferase 

GalaU-GalNAcT 1 
(BloodpoupA 



GDP-Fuc 



UDP-GalNAc 



FktccuVI 

jplcNAc-R 

jGkNAc-R 

FocoUGalpI T 4GlcNAc-R 
Fucal,2Ga)pi3GalNAc-R 



GalNAcaU. 
Fucal/ 



'Gal-R 



ziasse et aL (16) have pointed out a common hexapeptide 
KDKKND for the Gal <xl,3-GT (bovine, 304-309 (16); and 
RDKKNE for the GlcNAc 01,4-GT (bovine, human, murine 
amino acids 346-351 (10-15)). Although the significance of 
this homology is unknown, a possible role in UDP-Gal binding 
has been suggested (16). 

More extensive amino acid sequence homologies may be 
found for some enzymes that are yet to be cloned. For example, 
both blood group A Gal «l,3-GalNAc transferase and blood 
group B Gal al,3-GT share the same acceptor substrate, Fuc 
al^-Gal-R, and have been shown to have similar amino acid 
compositions, cross-react with one another's antibodies, and 
share the same genetic locus (reviewed in Reft. 2 and 24), 
suggesting that they have similar nucleotide and amino acid 
sequences with subtle alterations to accommodate their dif- 
ferent donor substrates. 2 

Specie* Variations in Glycosyltransferase Sequence— The 
overall amino acid sequence homology for a glycosyltransfer- 
ase cloned from different species is quite high (80% or 
greater), with the least homology found in the stem regions 
(10-18).* The bovine (16) and murine (17) Gal al^-GTs differ 
in the predicted lengths of their cytoplasmic tails with the 
murine enzyme containing an extra 35 amino acids at the 
NH 2 terminus, However, inspection of the sequence surround- 
ing the ATG start site of the murine Gal alJS-GT suggests a 
weak translation start site (TTCATGA (30)), allowing the 
possibility that the internal ATG may be used, resulting in 
the same length NHa-terminal cytoplasmic tails for both 
species. Two mRNAs that differ in length by 200 base pairs 



GlcNAc alJ-FT 
Gatat^-GiINAcT 




327 



5fc 



Fig. 1. Amino acid sequences of cloned terminal grycotyl* 
transferases predict ITO*- terminal signal-anchor domains. 

Compared are the predicted domain structures of six gjycosyitrans- 
ferases listed in Table I. The number of amino adds in each domain 
is listed beneath it H, cytoplasmic domain; signal-anchor domain; 
□, luminal domain. 



Catalytic 
Domain 




Cytoplasmic 
Tall 



NH2 



Fig. 2. Common topology of cloned terminal glycosyltrans- 
ferases. Deduced amino acid sequences of the terminal glycosyltrans- 
ferases cloned to date predict that these enzymes have a characteristic 
topology in the Golgi apparatus consisting of a short NHj-terminal 
cytoplasmic tail, a signal-anchor domain which spans the membrane, 
an extended stem region, and a large COOH-terminal catalytic do- 
main oriented within the lumen of the Golgi cisternae. 

at the 5' end have also been reported for the murine GlcNAc 
01,4-GT which code for enzymes that differ only by 13 amino 
acids at the NH a terminus (10). 

Subcellular Localization of Glycosyltransferases 

The subcellular localization of the enzymes involved in iV- 
and Olinked giycosylation has been extensively studied, with 
terminal giycosyitransferasea being found in the Golgi appa- 
ratus (1, 31-33). Subcompartmentation within the Golgi ap- 
paratus is also well documented, with A^-acetylglucosaminyl- 
transferase I localized to the medial cisternae and the GlcNAc 
01,4-GT, Gal *% 6-ST, and the Gal al,3-GalNAcT localized 
to the trans cisternae and trans Golgi network (3S-36). How- 
ever, recent studies of the localization of Gal a2,6-ST and the 
Gal al»3-GalNAcT and the localization of various sialyigly- 
coproteins have suggested that terminal glycosyltranafcrasee 
may have diffuse distributions throughout the Golgi stack in 
some cells (33, 37-39). 
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Although the basis far the localization of glycosyltransfer- 
ases in the Golgi apparatus has not been elucidated, it is 
widely believed that membrane proteins of the Golgi appara- 
tus possess specific retention signals that are absent in plasma 
membrane proteins and proteins that are secreted from the 
cell (reviewed in JUL 40). The demonstration of a KDEL 
sequence that mediates the retention and return of soluble 
ER proteins provides ample precedence for this concept (41). 
Evidence cited above for secretion of soluble glycosyltransfer- 
ases following proteolytic release from the Nonterminal sig- 
nal-anchor implies that the retention signal is not associated 
with the catalytic domain. Colley et aL (42) have tested this 
hypothesis by replacing the first 57 amino acids of the Gal 
«2,6-ST, including the cytoplasmic tail, signal-anchor, and 
stem regions, with the cleavable signal peptide of y-interferon. 
This fusion protein when expressed in Chinese hamster ovary 
cells results in the secretion of a catalytically active, soluble 
enzyme. A similar result was obtained by Larsen et aL (17) 
when they expressed in Cos-1 cells a fusion protein containing 
a secretable form of protein A fused to the putative stem and 
catalytic domains of the Gal al,3-GT (amino acids 63-394) 
and found galactosy kransferase activity secreted into the cell 
media. These data demonstrate that the Golgi apparatus 
retention signal of these glycosyltransferases must reside in 
the NHr terminal portion of the enzymes, which includes the 
cytoplasmic tail, signal-anchor, and stem regions. 

Regulation of Terminal Glycosylation 

Differential Expression of Glycosyltrans) Erases— There is 
abundant evidence that terminal glycosylation sequences are 
differentially expressed in cells and are subject to change 
during development, differentiation, and oncogenic transfor- 
mation (reviewed in Refe. 4, 5, and 7). The concept that the 
cellular glycosylation machinery largely determines the struc- 
tures of glycoprotein sugar chains stems from observed differ- 
ences in the carbohydrate structures elaborated on viral gly- 
coproteins and recombinant glycoproteins produced in various 
cultured cell lines (43, 44) and from the sugar structures of 
glycoproteins naturally expressed in different tissues (re- 
viewed in Ref 5). Although protein structure places secondary 
constraints of accessibility on the glycosylation machinery (1) 
and in the extreme provides recognition determinants for 
glycosyltransferases that act on sugar chains of one protein 
or class of proteins (1, 46-47), the terminal glycosylation 
sequences produced by a cell are presumed to reflect the 
expression of the corresponding glycosyltransferases which 
synthesize them. 

Strong support for this idea comes from recent examples of 
altering the cellular glycosylation machinery by transfection 
of cells with DNA fragments or expression vectors containing 
cDNAs coding for glycosyltransferases which synthesize ter- 
minal glycosylation sequences (17, 37, 46-50). For example, 
although wild type Chinese hamster ovary cells produce N- 
linked carbohydrate groups with the NeuAco2,3Gal linkage, 
Lee et aL (37) demonstrated that stably transfected Chinese 
hamster ovary cells expressing the Gal <r2 f 6-ST (Table I) 
produce both the NeuAca2,6Gal and NeuAca2,3GaI linkages. 
Similarly, Larsen et aL (17) showed that Cos-1 cells trans- 
fected with the cDNA for the Gal al t 3-GT (Table I) produce 
the Galal,3Gal-R sequence on cell surface carbohydrate 
groups, a structure not expressed on wild type cells. Lowe and 
co-workers (17, 49, 50) 1 have exploited such observations in 
developing strategies for the functional cloning of glycosyl- 
transferases, successfully cloning three of the six glycosyl- 
transferases listed in Table L 
Glycosyltransferase expression is most likely regulated at 



the level of transcription. In support of this suggestion, the 
level of Gal *2,6-ST mRNA varies 50-100-fold in various rat 
tissues, correlating with the activity of the enzyme (51). The 
level of the Gal <*2,6-ST has also been demonstrated to 
increase 4-5-fold in the liver after induction of inflammation, 
presumably to provide for the increased production of liver 
glycoproteins such as on acid glycoprotein and ai antitrypsin 
during the acute phase response (28, 29). Wang et aL (53) 
have recently demonstrated an equivalent induction of sialyl- 
transferase and sialyltransferase mRNA in primary hepato- 
cyte cultures treated with dexamethasone, suggesting that the 
increased expression following inflammation is controlled by 
plasma levels of glucocorticoids (53, 54). In contrast to the 
sialyltransferase, the ubiquitous GlcNAc 01,4-GT is expressed 
rather uniformly in most murine tissues. However, during 
spermatogenesis, novel mRNA species are produced which 
exhibit developmental regulation (52). 

Several reports have demonstrated that the changes in 
grycolipid or glycoprotein glycosylation in transformed cells 
correspond to quantitative or qualitative changes in the 
expression of the relevant glycosyltransferases (55-58). The 
de novo expression of a terminal glycosylation sequence is 
especially interesting with respect to the regulation of glyco- 
sylation, because it implies the expression of a glycosyltrans- 
ferase not expressed in the normal tissue. 

Exposure of cells to differentiation agents such as butyrate 
(19), phorbol esters (59), or retinoic acid (60-62) has also 
been reported to produce qualitative changes in levels of cell 
surface terminal glycosylation sequences as well as the specific 
glycosyltransferases that produce them. Such results are par- 
ticularly intriguing in view of evidence that terminal glyco- 
sylation sequences may play an important role in differentia- 
tion pathways, as will be discussed further below. 

Biological Implications of Regulated Expression of Terminal 
Glycosylation Sequences— AH the observations cited above 
suggest that cell type-specific glycosylation sequences can 
result from regulated expression of grycosykransferase genes. 
While not all glycoprotein or glycolipid carbohydrate struc- 
tures produced by a cell have functional significance (6), it is 
increasingly apparent that specific sequences in the proper 
context play important roles in biological recognition. 

Developmental^ regulated expression of specific glycosyl- 
ation sequences has been implicated in a variety of cell-cell 
interactions. Polysialic acid addition onto the neural cell 
adhesion molecule occurs only in early development and is 
thought to regulate the adhesive properties of the homotypic 
neural cell adhesion molecule interactions (47). The embry- 
onic antigen SSEA-1, the product of the GlcNAc al,3/4-FT 
(Table 1), is expressed at the 16 cell stage of mouse embryo, 
coincident with the process of compaction (4). Because ana- 
logs of the SSEA-1 structure can inhibit compaction, its 
expression has been suggested to mediate the compaction 
process (63, 64) and to occur directly through a rarbohydrate- 
carbohydrate interaction rather than a carbohydrate-protein 
interaction (65). Developmentally regulated glycosylation 
events have also been implicated in the induction of ureter 
bud growth into the undifferentiated mesenchyme of the 
embryonic kidney (66) and in the maturation of thymocytes 
(67), 

Specific gangliosides (sialic acid-containing glycosphingo- 
lipids) have been implicated in cell differentiation and cell 
cycle control (59, 68-73). Retinoic acid-induced differentia- 
tion of the hematopoetic precursor cell line HL-60 to granu- 
locytes and TPA-induced differentiation of the same cells to 
monocytes have been associated with qualitative changes in 
the expression of sialic acid-containing glycolipids (59, 69, 
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70). Indeed, TPA-induced monocyte differentiation increased 
synthesis of ganglioside Gi© and the sialyitransierase, G^u 
synthetase (59). A direct role of ganglioside (no is suggested 
by the fact that differentiation to monocytes can be induced 
without TPA by adding exogenous Cms to the culture media 
(69). Although the mechanism by which gangiiosides might 
participate in differentiation pathways is not clear at present, 
specific gangiiosides have been implicated in the modulation 
of growth factor receptor protein kinase activities (72, 73) and 
in the control of the cell cycle (71). 

Glycoprotein and glycolipid sugar chains have been impli- 
cated in many other examples of protein targeting and cell- 
cell interactions too numerous to mention here (4-6, 8* 45, 
46> 74, 75). Such observations mark the elucidation of the 
biological roles of glycoprotein and glycobpid sugar chains as 
an emerging fronteir. In the future, understanding the regu- 
lation of the cellular glycosylation machinery , which produces 
the specific sugar sequences required for recognition events, 
will take on increasing importance. 

Summary and Future Prospects 

It is striking that the glycosyltransferases cloned to date 
have similar domain structure but little sequence homology. 
As additional glycosyltransferase cDNAs are cloned and se- 
quenced, it will be of interest to establish the degree to which 
this diverse group of enzymes might have evolved from com- 
mon ancestral genes. The availability of a variety of glycosyl- 
transferase cDNAs should allow production of these enzymes 
through standard expression technology, allowing their use as 
enzymatic reagents in glycoconjugate research and in the large 
scale synthesis of oligosaccharides (76). Through gene trans- 
fer technologies, glycosyltransferase cDNAs can also be ex- 
pected to be used in various strategies to explore the biological 
roles of glycoprotein and glycolipid sugar chains (17, 37). 
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ABSTRACT We have previously used a gene-transfer 
scheme to Isolate a human genomic DNA fragment thai deter- 
miner expression of a GDPHb-fncoset/^D-galactosiite 2-ort> 
focosyftnu^ 

fragment determined expression of an o(l,2)Fr whose Idnetk 
properties mirror those of the human H blood group a(l,2)Fr, 
their precise nature remained undefined. We describe here the 
mo l ecn t ar cloning, sequence, and expression of a human cDNA 
corresponding to these human genomic sequences. When ex- 
pressed In COS-1 ceHs, this cDNA directs expression of cefl 
surface H structures and a cognate a(l*2)FT activity with 
properties analogons to the human H blood group a(l,2)FT. 
The cDNA sequence predicts a 365-amino add polypeptide 
characteristic of a type II transmembrane glycoprotein with a 
domain structure analogous to that of other gtycosyhrans- 
f e rases bu t witho ut significant primary sequence similarity to 
these or other known proteins* To directry demonstrate that the 
cDNA encodes an oXl»2)FT, die COOH-terminai domain pre- 
dicted to be Gpjgl-raident was expressed in COS-1 ceib as a 
cataryticaliy active, secreted, and soluble protein A fusion 
peptide. Southern blot analysis showed that this eDNA iden- 
tifies DNA sequences syntenk to the human H locus on 
chromosome 19. These results stitmgry suggest that this cloned 
cdXJ)Yl cDNA represents the product of the human H blood 
group locus* 



The antigens of the human ABO blood group system are 
carbohydrate molecules constructed by the sequential action 
of a series of distinct giycosyltransferases (1, 2). The tenninai 
step in this pathway, catalyzed by the allelic glycosyltrans- 
ferase products of the ABO locus, requires the expression of 
a precursor molecule called the H antigen* The blood group 
H antigen is an oligosaccharide molecule whose expression is 
normally restricted to the surfaces of human erythrocytes and 
a variety of epithelial cells, including those that line the 
gastrointestinal, urinary, and respiratory tracts (1, 3)* The H 
antigen is a fucosylated structure of the form Fucal-2Gai0-, 
whose expression is determined by GDP-L-fucose:0-D-gaIac- 
toside 2^L-fucosyitransferases [a(l,2)FTs; EC 2.4.1.69]. 
These enzymes catalyze a transgiycosylauon reaction be- 
tween their sugar nucleotide substrate GDP-L-fucose and 
oligosaccharide acceptor substrates with terminal type I 
(Gai01-3GicNAc-) or type U (Gal01-4GlcNAo) moieties (1). 

Surface-expressed H determinants exhibit precise tempo- 
ral and spatial changes in their expression patterns during 
human and murine development (4, 5)/ ITie functional sig- 
nificance of these changes is as yet unknown, although 
evidence suggests that other fucosylated molecules partici- 
pate in adhesive events during development (6-8). Cloned 
gene segments that determine H antigen expression represent 
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tools to address this question by genetic approaches that 
perturb H antigen expression during development. We, 
therefore, established a gene-transfer approach to isolate 
human DNA segments that determine expression of cell 
surface H molecules and their corresponding a(l,2)FTs (9, 
10). These experiments yielded a cloned human DNA seg- 
ment that determines expression of an o(l ,2)FT activity when 
transfected into a mammalian cell line deficient in this 
enzyme activity. This enzyme activity was kinetically similar 
to the human H blood group afl,2)FT but distinct from the 
human secretor (S© o<l,2)FT. Although these data were 
consistent with the hypothesis that this segment represented 
part or all of the structural gene encoding the H a(l,2)FT, 
they were consistent also with the possibility that the DNA 
sequences trans-determined enzyme expression by interac- 
tion with an endogenous- gene, transcript, or protein. We 
report here our analysis of a cloned cDNA representing the 
product of this human genomic DNA segment. 9 These data 
indicate that this segment encodes the human H blood group 
«(U)Fr. 

MATERIALS AND METHODS 

Cefl lines and DNA Samples* DNA from the celt line 
UV5HL9-5 (11) and from the Oiinese hamster ovary hybrid 
parent were provided by H. Mohrenweiser and K. Tynan 
(Lawrence Livermore National Laboratory, Livermore, 
CA). The origins of all other cell lines and conditions for cell 
culture are as described (9, 10, 12, D). Genomic DNA 
samples from a panel of Chinese hamster ovary x human 
somatic cell hybrids informative for human chromosomes 
were purchased from BIOS (New Haven, CT). 

Isolation of Human o(l^)FT cDNA Clones* Approximately 
1.8 x 10* recombinant clones from an A431 ceil cDNA 
mamm a lian expression library (13) were screened by colony 
hybridization using a ^-labeled (14) 1.2-kilobase (kb) Hinfl 
fragment of pH3.4 (10) as a probe. Filters were hybridized for 
18 hr at 42°C in a hybridization solution as described (9, 10), 
washed, and subjected to autoradiography. Two hybridiza- 
tion-positive colonies were obtained and isolated by two 
additional rounds of hybridization and colony purification. 
Preliminary sequence analysis of the inserts in both hybrid- 
ization-positive cDNA clones indicated that they each were 
in the anti-sense orientation with respect to the pCDM7 
expression vector (H; 16) promoter sequences. The largest 
insert was, therefore, recloned into pCDM7 in the sense 



Abbreviation: o(1.2)FT, GDP-L-ftic©se:0-D-galactoside 2-o>L-ro- 
cosyftransferase. 
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orientation for expression studies, and the resulting plasmid 
was designated pCDM7-ot(l»2)FF. 

Flow Cytometry Analysis. COS-1 cells were transfected 
with plasmid DN As by using a DEAE-dextran procedure (17) 
as described (16). Transfected cells were harvested after a 
72-hr expression period and stained either with a mouse IgM 
annVH monoclonal antibody (10 pg/inj; Chembiomed, Ed- 
monton, AB, Canada) or with a mouse IgM anti-Lewis* 
monoclonal antibody (10 /tg/ml; Chembiomed). Cells were 
then stained with fluorescein-conjugated goat anti-mouse 
IgM antibody (40 /xg/ml; Sigma) and subjected to analysis by 
flow cytometry (9, D, 16), 

Nortbon and Southern Blot Analyst A431 poly(A)+ RNA 
(10 ug per lane) was subjected to Northern Mot analysis as 
described (16). Genomic DNA (10 /ig per lane) was subjected 
to Southern blot analysis as described (9). Blots were probed 
with a 32 P-labeled (14) 1.2-kb Hinfl fragment of pH3.4. 

DHA Stg^eB^t Analysis, The insert in pC1>M7-a(1^2)FT 
was sequenced by the method of Sanger et aL (18) using T7 
DNA polymerase (Pharmacia) and 20-mer oligonucleotide 
primers synthesized according to the sequence of the cDNA 
insert Sequence analyses and data base searches were 
performed using the Microgenie package (Beckman) and the 
Sequence Analysis software package of the University of 
Wisconsin Genetics Computer Group (19). 

Assay of o(l,2)FT Activity. Cell extracts, conditioned me- 
dium from transfected COS-1 cells, and IgG-Sepharose- 
bound enzyme were prepared and assayed for a(l,2)FT 
activity by methods described (10, 13). One unit of a(l,2)FT 
activity is defined as 1 pmol of product formed per hr. The 
apparent Michaelis constant for the accepts phenyl /&•!>- 
galactoside (20) was detennined exacUy as described (10). 

Construction and Analysis of a Protein A-<*(l,2)Fr Fusion 
Vector. A 3196-base-pair Stu UXhc I segment of the cDNA 
insert representing the putative catalytic domain and 3'-un- 
translated sequences was isolated from pCDM7-a(l ,2)FT. 
This fragment was blunt-ended using the Klenow fragment of 
DNA polymerase I and ligated to jphosphorylated (XT) and 
annealed oligonucleotides (GGG AATlXXXX^C^ltiiseC- 
TAGG and OTAGGeCATGTCGGGAATTCCG) desisted 
to reconstruct the coding sequence between the putative 
transmembrane segment proximal to the Stu I site. The ligated 
fragment was gel-purified, digested with EcoKl, and gel- 
purified again. This £c0RI-"linkered" fragment was ligated 
into the unique EcoKl site of pPROTA (21). One plasmid, 
designated pPROTA-or<l,2)Fr c , containing a single insert in 
the correct orientation, was analyzed by DNA sequencing to 
confirm the sequence across the vector, linker, and insert 
junctions. Plasmids pPROTA-a(l,2)FT c , pPROTA, pCDM7- 
a(l,i2)FT, or pCDM7 were transfected into COS-1 cells. After 
a 72-hr expression period, o(l,2)FF activities in the medium 
and associated with cells were quantitated as described (10, 13, 
16). Affinity chromatography of conditioned medium was 
performed exactly as described (13, 16). 

RESULTS 

We have isolated (9, 10) a cloned human genomic DNA 
restriction fragment whose presence correlates with de novo 
expression of an a{l,2)FT in a set of stably transfected mouse 
L cells. This fragment determines o(l,2)FT expression in 
COS-1 cells transfected with a plasmid vector containing 
these sequences (plasmid pH3 A, ref. 10). The results of these 
analyses are consistent with the hypothesis that this segment 
represents a structural gene that encodes the H blood group 
a(l,2)FT. Nonetheless, these observations are also consis- 
tent with the possibility that this segment trans-determines 
enzyme expression by interaction with an endogenous gene, 
transcript, or protein. To discriminate between these possi- 
bilities and to characterize the nature of the genomic se- 




Fio* 1. Northern blot analysis* 
Poly(A)+ RNA (10 /ig) isolated from 
A431 cells was subjected to Northern 
blot analysis. The blot was probed with 
the ^-labeled 1.2-kb /Knfi fragment of 
pH3.4 (10). The mobOittes of RNA mo- 
lecular size standards, in kb, are indi- 
cated at left 



quences, we first isolated various restriction fragments from 
the insert in plasmid pH3.4 and tested these for their ability 
to identify transcripts in the H-expressing stable transfec* 
tants and in a human cell line (A431) that also expresses H 
detaining (9, jo). We found that 

a 1.2-kb Hinfl restriction fragment identifies a single rela- 
tively nonabundant 3.64cb transcript in A431 cell? (Fig. 1). 
This probe also detects transcripts in the H-expressing mouse 
L cell transfectants but not in the nontransfected parental L 
cells (R.D1L. and J.B.L., unpublished data). 

A Cloned cb&A Tliat Dincts Exnresskn of Cefl Sur&ce H 
Structures and an 0(1,2)0. We used the 1.2-kb HinR frag- 
ment and colony hybridization to isolate two hybridization- 
positive cDN A clones from an A431 cell cDNA library (13). 
To test the cloned cDNAs for their ability to determine 
expression of surface-localized H antigen and a cognate 
a(i,2)ET activity, a plasmid was constructed [pCDMJ- 
ad,2)FT] that consisted of the largest cDNA insert cloned 
into the mammalian expression vector pCDM7 (15, 16) in the 
sense orientation with respect to the vector enhancer- 
promoter sequences. Flow cytometry analysis of COS-1 cells 
transfected with pCDM7-o(l^)FT indicates that this cDNA 
determines expression of cell surface H molecules (Fig. 2). 
Moreover, COS-1 cells transfected with p€3)M7-a(l^)Er f 
but not cells transfected with pCDM7, express substantial 



pCDM7-aO,2)FT 




Fio. 2. Flow cytometry analysis of transfected COS-1 cells. 
COS-1 cells were transfected with plasmid pCDM7-a(l,2)FT (Upper) 
or with the control vector plasmid pCDM7 (Lower) and then stained 
with murine monoclonal IgM antibodies specific for the H antigen 
(solid tines) or for a negative control antigen (Lewis*, dotted lines). 
The cells were then stained with a fluorescein-conjugatcd goat 
anti-moose IgM antibody and subjected to flow cytometry analysis. 
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quantities of an a(l,2)FT activity. We determined the appar- 
ent Michaeiis constant exhibited by this a(l,2)FT for an 
artificial acceptor* phenyl 0-D-gaiactoside, that is specific for 
this enzyme (20) and that can discriminate between the 
human H and SB a(l,2)FTs (10, 22). This apparent Jt m (2.4 
mM) is nearly identical to the apparent K m we (3.1 mM, ref. 
10) and others (4.6 mM and 6.4 mM, ref, 22; 1.4 mM, ref. 23) 
have determined for the Mood group H o(l,2)FT. Moreover, 
this apparent K m is also very similar to the one exhibited by 
the a(l,2)FT in extracts prepared from GOS-1 cells trans- 
fected with pH3.4 (4.4 mM, ref. 10). This apparent K n is 
distinct from the one exhibited by an a(l,2)FT found in 
human milk (15 . 1 mM , ref . 10) that is thought to represent the 
a(l,2)FT encoded by the SE locus (22). These data demon- 
strate that the cDNA in plasmid pCDM7-o(l,2)FT deter- 
mines expression of an a0,2)FT whose kinetic properties 
reflect those exhibited by the human H Mood group o(l ,2)FT. 

The cDNA Sequence Predicts a Type n Transmembrane 
Glycoprotein. The cDNA insert in pCTMT-atf^lT is 3373 
base pairs long (Fig. 3). Its corresponding transcript is 3.6 kb 
long (Fig. 1), suggesting that this cDNA is virtually full- 
length. Two potential initiator codons are found within its 
first 175 nucleotides. Only the second of these, however, is 
embedded within a sequence context associated with mam- 



malian translation initiation (24). This methionine codon 
initiates a long open reading frame that predicts a protein of 
365 amino acids, with a calculated M T of 41 ,249. Hydropathy 
analysis (25) of the predicted protein sequence indicates that 
it is a type H transmembrane protein (26), as noted for several 
other cloned glycosyltransf erases (for review, see ref. 27). 
This topology predicts an 8-residue NHrterminal cytosolic 
domain, a 17-residue hydrophobic transmembrane domain 
flanked by basic amino adds, and a 340-amino acid COOH- 
tenmnai domain that is presumably Golgi-resident and cat- 
alyticaDy functional (27). Two potential N-giycosylation sites 
are found in this latter domain (Fig. 3), suggesting that tins 
sequence, like other glycosyltransferases, may exist as a 
glycoprotein. No significant similarities were found between 
this sequence and other sequences in protein or DNA data 
bases (Protein Identification Resource, release 21.0, and 
GenBank, release 60.0), with the exception of a 642-base-pair 
sequence within the 3 f ^untranslated segment of the cDNA 
(Fig. 3) that is similar to the human Alu consensus sequence 
(28). Moreover, we identified no significant sequence simi- 
larities between this cDNA sequence or its predicted protein 
sequence and those of other cloned glycosyltransf erase 
cDNAs (13, 16, 29-32). 
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SAGGGTGCGC1CCGGCCACGMAJW3CGGACTG1G& 



HIHQDSPPHCLGLSI 
TATCCATCAAGACACCTTTCCACATGCCCTAGGCCTGTCGATC 



41 

121 



LCPDRRLV 



TPPVAirCLP CTAMGP<g>A3S3CPQ 
:^1CCCCCAGTCGCCA*CITCTGCCTGCCGGCTAC^^ 



P A S L 3 G T 



Bl If T V Y P B G R P 6 B Q M G Q Y A T 
241 tGGACTGTCT ACCCCAAIGGCC Gfc IT T OG T A ATCAGATCGGACACTAT 



L L A L A Q L 



HGBRAPXLPA M B X A L 
XT TTATCCTGCCTGCCATGCATGCCGCCCTG 



121 a p v p a 

361 GCCCCCGTA 



XTLPVLAPSVDSR 



TPIfRBLQLHDIfMSEBYADLRDP 
5TGCCGGGAGCTCCAGCTTCACGACTGGATGICGGAGGAGTACG 



161 P L 
481 TTCCI 



KltSGPPCStfTPP 



BBLREQIRRBPTLHOBLREBAQSVLG 
iTCTCCCGGAACAGATCCGCACACAGTTCA^CCTGCACGAOCACCTTCGGGAA^ 



201 
601 



QLRLCRfGDRPRTPVGVH 



\t R R G O Y L Q V N P 0 R W KGVVGDSA 
F AtC T^Ao^l lATGCCtCAGCCCTGGAAGGGTGTGCTGGGCGACAGCGCC 



241 YLRQ^MDffP 

721 TACCTCCGGCAGGCCAT 



RARBBAPVP V V 



T3MCMEWCKEHIDT3QG0VI 
tCCAGGAAOGGCATGGAGTGGTGTAAAGAAAACATCCACACC^ 



281 PAGDGQBATPVKDPALLTQCSBTZMTI 
SU TITGC Tt^GATGGAaUXAGGCTACACCGTGGAAAGACTTTGCCCTGC 



G TPGP If A A Y LA G . G 



321 DTVYLA<$PTLPD3EPLKX PKPBAA PLPBVVG ZHAO ISP L If 

961 CACACTGICTACTCGCCAACTTCAC<XTCCCAGACI^^ 

361 T L A H P * 

1081 ACATTGGCTAAGCCTT«AGAGCCAGGGAGACTTTCTGAAGTAG 



1201 CAAATGGGTGCCCGTATCCAGAGTGATTCTAGTIGG6 

1321 CAGTt^TACAAGOCACACTGCCCAOCTGCTCTrCCCAGC^ 

1561 GgTrCAicttrrGPaACAACCCTtt^^ t f t i f f t t n f rrrmrtAtztcAfttrrr 

1681 a^TCTCTTfimQuaarrcfiAgTCf^^ 

1801 CCATTAiaOTGfigfAATTTTT^ATTTPTACT 

1921 TFMrnmTCMtttcrr&rctt 



204i accnacrccM 



21C1 CfiGCfiTnCATCGTmAMC^ATOTC^ 
2281 IPTTAATTTrTGTAGAaCCAGGI C TTGTtaTAT^^ 
2401 CACACCQGGCCAAGTGAAGAATCTMTGAAIGTGCAAO^ 
2521 Itt X ICIGTT CA CAGTClCTGCAAAM 

2641 AATCTCAACCTOGOGTGAGCGAtCACTGCCAA 11 llA AACCTCAtAAACICCCAAGAGCTCCATATAIIC 

2761 GCTGTCaCTTCA GG TT GCCK I CA CAATGAACGAAGTTCGI C I I KK I GCA GSTCGCCTGCTGA W T C TGti GAl ' ClUI 1 1 lllUJ MC TO tCC A GCTATAAACACAaXTCTfcTa.TT 
2881 CTCACAAACTCGCAGCTACCCTttraTtCCTA^ 

3001 GGACCCAGCCTCACATCCACGCAGG A C CAC GA^SGTCTGGC^^ rCCIUl 1111 1UJ USGGTGAAAGAAGAAACCTTAAACATACTC 

3121 AGCtCrGATCACATCCCCT C TCTACTCATCCAGACCCCATGCCTCT 
3241 GAGGTATGAATTAAAAGTCTACAGCACTAA 



Fig. 3. DNA and derived polypeptide sequence of the cDNA insert in pCDM7-(l,2)FT. The amino acid sequence is shown in single-letter 
code. The hydrophobic segment representing the putative transmembrane domain is double underlined. Asparagine residues that represent 
potential N-glycosylatkm sites are circled. The two .copies of a sequence homologous to the human Alu consensus sequence are underlined. 
Not shown are 16 additional deoxyadenine. residues found at the 3' end of the insert that represent a portion of the transcript's poly(A) tail. 
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The Protein Encoded by the cDNA Is an a(U)FT. The 
results of the expression experiments presented above, when 
considered together with the domain structure predicted by 
the cDNA sequence, are consistent with the presumption that 
it encodes an a(l,2)FT. Nonetheless, we wished to directly 
confirm this and thus exclude the possibility that it instead 
encodes a molecule that trans-dete/mines this enzyme activ- 
ity. We, therefore, fused the putative catalytic domain of the 
predicted protein to a secreted form of the IgG-binding 
domain of Staphylococcus aureus protein A in the mamm a* 
lian expression vector pPRQTA (2 D» to yield the vector 
pPROTA-o(l^)FT c (Fig. 4). By analogy to similar constructs 
we have prepared with other cloned glycosyltransferases (13, 
16), we expected that, if the cDNA sequence actually en- 
codes an o(l,2)Ff, then plasmid pPROTA-od^FTc would 
generate a secreted, soluble, and affinity-purifiable o(l,2)FT. 
Indeed, conditioned medium prepared from a plate of COS-1 
celbtnmsfectedwi&pr^ 

5790 units of o(i,2)FT activity, whereas a total of 1485 units 
were found to be cell-associated. Moreover, virtually 100% of 
the released o(l,2)FT activity was specifically retained by 
IgG-Sepharose, and most could be recovered after exhaus- 
tive washing of this matrix (Table 1). By contrast, we found 
that most of the activity in COS-1 cells transfected with 
pCDM7-«a»2)Fr was cell-associated (3450 units), with only 
trace amounts of activity in the conditioned medium prepared 
from these cells (^80 units). Virtually none of this latter 
activity bound to either matrix (Table 1). Extracts prepared 
from COS-1 cells transfected with vector pCDM7 or vector 
pPROTA did not contain any detectable cell-associated or 
released o(l,2)FT activity. These data demonstrate that the 
cDNA insert in pCDM7-a(l,2)FT encodes an a(l,2)FT and 
that information sufficient to generate a catalytically active 
a(l,2)FT is encompassed within the 333 amino acids distal to 
the putative transmembrane segment. 

The cDNA Corresponds to Genomic Sequences Syntenk to 
the H Locus on Human Chromosome 19. Genetic evidence 
indicates that expression of the human H o(l,2)FT is deter- 
mined by a locus on chromosome 19 (33, 34). By using the 
1.2-kb HinR probe, we identified a cross-hybridizing 6.5-kb 
EcoRI restriction fragment in the genome of the Chinese 
hamster ovary x human somatic cell hybrid line UV5HL9-5 
(Fig. 5, lane 1) that contains human chromosome 19 as its 
only detectable human DNA (11). This fragment comigrates 
with a 6.5-kb EcoRI restriction fragment detectable in human 



Table 1. Affinity chromatography of a(l,2)FT activity released 
from transfected COS-1 cells 



SV40 



ad,2)FT 

sp. Protein A COOH-terminal 333 aa 



EcoRI Stut 



(Xhol) EcoRI 



ProtefaiA a(1J3)FT 

G N SllP H 6 t G L 



. G GGflflTTC CCCflCBTGGCCTflOOCCTO. 
EcoRI StuI 



Fio. 4. Protein Ar^d^FTfiiskm vector. The vector pPROTA- 
a(l f 2)FT c contains amino acids 33-365, representing the putative 
o(l,2)FT catalytic domain encoded by pCDM7-o(l f 2)FT, fused 
in-frame with the IgG binding domain of S. aureus protein A. SV40, 
simian virus 40 early gene promoter sequences. Sequences denoted 
by'ra indicate segments of the vector derived from rabbit 0-globtn 
sequences including an intervening sequence (TVS) and a pofyade- 
nylylation signal (An). s.p. v Transin signal peptide. The Xho I 
(destroyed during the construction, in parentheses) and Stu I restric- 
tion sites used to isolate the catalytic domain from p€DM7-<t(l,2)FT 
are depicted below the vector cartoon. The DNA sequence and the 
derived amino acid sequence across the protein A-a(l,2)FT junction 
are shown in the inset' The EcoRI and Stu I sites derived from the 
synthetic linker are underlined. 







a(l,2)FT activity, units 






IgG-Sepharose 


Sepharose 




Vector 


Applied 


Spn Bound 


Applied 


Spn Bound 


pCDM7-«0,2)FT 


~30 


«50 <1 


-30 




<1 


pPROTA-qCWJFTe 


2316 


<J 1464 


2316 


2136 


<1 



Conditioned medium from COS-1 cells transfected with pCDM7- 
afl^FT or with pPROTA-a(l f 2)FT C was chrpmatograpbed on IgG- 
Sepharose or Sepharose. Unbound (Spn) and matrix-retained mate- 
rials (Bound) were assayed for otf»2)FT activity (10, 13, 16). 

genomic DNA (Fig. 5, lane 3) but absent from the hybrid 
parent Chinese hamster ovary cell line (Fig. 5, lane 2). The 
assignment of these sequences to human chromosome 19 was 
independently confirmed by Southern blot analysis of a pair 
of karyotypically stable (35) mouse 3T3 x human somatic cell 
hybrids (KLEJ-47 and KLEM7/P1, ref. 12) that differ only 
in their human chromosome 19 complement (data not 
shown). These results were also confirmed by Southern blot 
analysis of a commercial panel of Chinese hamster ovary x 
human somatic cell hybrid DNAs (BIOS) (data hot shown). 
These observations support the results of the transection 
experiments indicating that the cloned cDNA encodes the 
human H blood group a(l,2)FT. 

Our previous observations indicated that the 3.4-kb EcoRI 
fragment in the plasmid pH3.4 (10) and detected In the 
genomes of H-expressing mouse L cell transfectants (9) was 
responsible for determining a(1^2)FT expression. Sequence 
analysis of this fragment and of the 6:5-kb EcoRI fragment 
identified in these Southern blot experiments indicate* that 
the 3.4-kb segment is encompassed within the 6.5-kb human 
EcoRI fragment, which was apparently truncated at a posi- 
tion on the 3' side of the coding sequences during the 
transfection process (R.D.L., L.K.E., and J.B.L., unpub- 
lished data). 

DISCUSSION 

Genetic and biochemical evidence indicates that the human 
genome encodes at least two discrete a(l,2)FT activities 
thought to represent the products of two distinct loci (H and 
SE) closely linked on human chromosome 19 (33, 34). A third 
distinct a(l,2)FT activity may also be expressed by human 
cells (36). Isolation of cloned genes or cDNAs encoding these 
molecules has not been possible because these enzymes are 
found in small amounts and are difficult to purify. The 
isolation of the a(l,2)FT cDNA described here was made 
possible by a gene-transfer approach (9» 10) designed to 
isolate genes that determine o(l,2)FT expression without the 
need to first purify the enzyme. Although it remains to be 
demonstrated by formal linkage analysis that this cDNA 
represents the human H blood group locus, we nonetheless 



1 2 3 




Fio.5; Southern blot analysis of somatic 
ceil hybrids. Genomic DNA samples pre- 
pared from various cell lines were digested 
with EcoRI and subjected to Southern blot 
analysis. The blot was probed with the K P- 
labeled 1.2-kb Hinfl fragment of pH3.4 (10). 
Mobilities of DNA molecular size standards, 
in kb, are indicated at left. Lanes: 1, somatic 
cell hybrid One UV5HL9-5; 2, Chinese ham- 
ster ovary cell parent of UV5HL9-5 hybrid; 
3 f human peripheral blood leukocytes. 
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EXHIBIT 4 

Low Cytoplasmic pH Inhibits Endocytosis and Transport 
from the Ihws-Golgi Network to the Cell Surface 

Pierre Cosson , Ivan de Curtis, Jacques Ptouyss^gur, * Gareth Griffiths, and Jean Davoust 

European Molecular Biology Laboratory, D-6900 "* 
*Co^ le Biochimie CNRS, University de Nice, Pare de Vfelrose, 06034 Nice, France 



Abstract. A fibroblast mutant cell line lacking the 
NaVH* antiporter was used to study the influence of 
low cytoplasmic pH on membrane transport in the en- 
docytic and exocytic pathways. After being loaded with 
protons, the mutant cells were acidified at pH 6.2 to 
62 for 20 min while the parent cells regulated their 
pH within 1 min. Cytoplasmic acidification did not 
affect the level of intracellular ATP or the number of 
clathrin-coated pits at the cell surfece. However, cyto- 
solic acidification below pH d8 blocked the uptake of 
two fluid ptose markers, Lucifer Yellow and horserad- 
ish peraudase, as weU as die internalization and the 
recycling of transferrin. When the cytoplasmic pH was 
reversed to physiological values, both fluid phase en- 
docytosis and receptor-mediated endocytosis resumed 
with identical kinetics. Low cytoplasmic pH also in- 
hibited the rate of intracellular transport from the 
Golgi complex to the plasma membrane. This was 
shown in cells infected by the temperature-sensitive 



mutant ts 045 of the vesicular stomatitis virus (VSV) 
using as a marker of transport the mutated viral mem- 
brane glycoprotein (VSV43 protein) . The VSV-G pro- 
tein was accumulated in die mzns-Golgi network 
(TON) by an incubation at 19.5°C and was transported 
to the cell surfece upon shifting die temperature to 
31°G This transport was arrested in acidified cells 
maintained at low cytosolic pH and resumed during 
the recovery phase erf die cytosolic pH. Electron mi- 
croscopy performed on epon and cryo-sections of 
mutant cells acidified below pH 62 showed that die 
VSV-G protein was present in the TON. These results 
indicate that acidification of the cytosol to a pH < 62 
inhibits reversibly membrane transport in both endo- 
cytic and exocytic pathways. In all likelihood, the 
clathrin and nonclathrin coated vesicles that are in- 
volved in endo- and exocytosis cannot pinch off from 
the cell surfece or from the TGN below this critical 
value of internal pH. 



animal cells maintain a very precise cytoplasmic pH 
/% usually between pH 70 and 7.2 (reviewed in Roos 
and Boron, 1981). Growth fectors, neurotransmit- 
ters, or direct cell-cell interactions can modify the regula- 
tion of the intracellular pH in receptive cells (reviewed in 
Razengurt, l98Q,butlitdeiskiKiwnaboutdiee^ofthe» 
variations on membrane traffic. In the caseof theendoqrtic 
pathway, we showed that the concomitant decrease of the cj^ 
tracdhilar and intracellular pH inhibits the endocytosis of 
plasma membrane proteins and fluid phase markera in baby 
hamster kidney (BHK) cells (Davoust etal., 1987). Oajnn- 
coated pits, which concents 

ternalized, were still present at the cell surfece of the 
acidified cells without apparently being able to ph** off 
from the cell surfece. As a possible interpretation of these 
data we proposed that clathrin present on coated pits and 

Pierre Co«orfi and JcMDav^ 

INSERM-CNRS de MatBeille-Uimifly, Case 906 13 ^^aOc Cede* 
9 Fiance Ivan de Curt* pre** address b Department* ^ 
Howard Hugbes Medical Institute. University of California, San Francisco, 
San Francisco, California 94143-0724. 



coated vesicles was unable to depolymerize because of die 
acidic pH. Another group reported that cytoplasmic acidifi- 
cation inhibits specifically the endocytosis of different recep- 
tors located in coated pits, but that the internalization of fluid 
phase or of ricin which hinds to terminal galactose residues 
was unaffected (Sandvig et al., 1987, 1988). This led to the 
proposal that an alternative pathway of internalization inde- 
pendent of clathrin-coated pits was responsible for the uptake 
erf ricin or of fluid phase in die acidified cells, fa the exocytic 
direction, a recent report indicated that cytoplasmic acidifi- 
cation can trigger the insertion tf p 
ase in the apical plasma membrane of acid-secretiiig cells in 
turtle bladder epithelium (van Adelsberg and Al-Awqati, 
1986). These are specialized cells and in the present report, 
we used fibroblasts to determine whether cytoplasmic acidi- 
fication could be used to affect differentially the endocytic 
and exocytic pathways. 

lb look at several pathways of membrane transport, we as- 
sayed simultaneously the internalization and the recycling of 
ligands, the uptake (rf two fluid phase markers, and the exo- 
cytic transport of a membrane protein from the trans-Golgi 
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net^rk (TON) to the cell surfece. TO used a mutated cell 
line, PS.2Q, derived from the hamster lung fibroblastCCI?Q 
cdUs. wUch lacks the NaVH* «cnan£ X* «W 
■jP»« al. 1984). TliesecelkcSb^SJL^ 
?m using a pulse of NH4CH in bicarbonaSw m^,^. 
fo^tyavvaslKHrt.UmlerthesameSr^r^ 

or me Na*/H + annport. The mutant cells alWri in t*JZ 
"gate the torXbr pH^3«? mVntdlj 
buffers or substitution of i, ar^pSenSst^S 
t? c^trol our experimental c^ndinori^ 
t^cyia^cacidification has an inM^yX^on^ 
'Z*™**«™ <* Ugands and markers ofthetoS^t 



Materials and Methods 
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OMIIemah, el aTlM** " P"*^ described 

Ruid Phase Uptake 

w presented 10 acidified or conttK?21^?- LY 
which were SSS E!M pb^JK^ 

AsrHRPnttfmW . 
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Materials 

mum at t^A^S.^ ,noaifled "tasliil medittm with Hcsibonate 
(Grand Island, IW^ri^i,^ ° ibco Labo«oriei 

^^M^SSc^^^^« n ^"» TrnnsferrinBinding, Uptake, and Reeling 

4-C and 2^2£2mS2'^ M r d * 



Cett Cultures and Viruses 



(MO 7 celWdi*rSre^.*^ 00 >Cnw ™n FW*fc Alcoa dishes 
PH7.4 (OME/PCS). 90 X conlhieanMicW^r^ ^ 

^ ringed twice win^K SJhSSd ^"Ek*" 



DME/BSA for 40 min T^X^^^^^^ot 
ffute and Sbmn^im . "** I " We,,ee rf 5 * «>»«• described 

DMPh/Tac* 0 ' 3J ^i 1 ^P' a ^ e . the cells were incubated for 5-60 min h i »i 
PMBh/BSA containing g n Vf rf «^i^ZyZ Tf^. . vr* — fa 3 ml 

0°C: 13 min with 10^^ MR^n^l^^J!^ * 
mm with 10 ml PBS ^mSmemS^.^afi?? PCS pH SO. and 15 

etfractod atO°C fi»-30minin500 I ilrf Ivrf/fe^T^f.T^ with PBS, 
Cellnhr pnxein, and *^^J£*Z^? hom ^ 
5S Fe were awn^j in ^ | yMB ^^ Wly coms P m >^8 » intonaU2«d 

edit were resuspended bv 1 983)1 ^<taached 

ras^andsT^^n^&^li * mto wtth 10 ml 

n^intepn^of. 4 oS^^^^^«^^ 
Tb moniior the myjin. ^ ^_J1_?T lma f cie ° Pansajnin. 

were riiaed tinw win^MX^A^li^ . Al tune zero the cellf 
ceua.Tr»edWiea«TOih« B «Sl? '-^"wfcnlB accumulaied in the 
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figure I Eftto of cytoplasmic 
acidification on tnmsferriii- 
mediated ^ uptake. Mutant 
cells lacking the Na + /H + anti- 
port and parent cdb were ia- 
cubbed for 30 mio at 37°C 
to the presence of 20 mbA 
WO and rased twice with 
a NH^-ftte medium, (a) In. 
traceflular pH was ^fn rrd 
fiom die partition of ["CJbeo- 
zmc add between the cyto- 
plasm and the extracellular 
medium at the indicated times 
after acidification in the mu- 
tant cells («) or the parent 
cdfr U). (*) Ujptake of *Fe 
in mutant ce&r incubated in 
the presence of 75 nM «Fe- 
loaded transferrin lor the indi- 
cated time after acidification 
(■) or without acidification 
(a), (c) Uptake of in par- 
ent cells determined as in b t 
after aodificat&n (a) or 
without acidification (a). 
Nonspecific uptake (10%) was 
determined in the presence of 
a 400-fbid excess of unlabeled 
transferrin and subtracted 
from the total counts. The ex- 
periments were performed in 
duplicate and die results ex- 
pressed as die mean ± SIX 



«^02ndali^ 

In amber set of experiment*, monolavw* rf^re^w 
su bsctuted for DMEb in die di/ftra* mafia *»i A* A-nT^JI^^v 

the "mount of VSVnTJi ^^L*L - for40mm - Qwnt&Mion at 



t979> STiSSaS^ 

Other Assays 

The intracellular ATP levels »ere determined usira the lueifr™ l„~s_~„ 
a, already described (Davou*eV7^9S7> IUClferasC 



naiMKinwBMe .emrive count.), and ofthe ceB mediuA* w ass^A 

Immunofluorescence 
043~inficted Cells 

tow^w^iminnnomK Monolayer, woe infected with VSVtt Taw 
«^«««^«of5 x 10 pro/ml ofminirnal «S m«lnW ^ 
OffiMb) eon^g 1% PCS and 10 mM He^S T^to 

iSSSn^^^rj?* DM Eh«CS containing 40,^ 
^q^e^andinc^m ^ niednnr, faS^ 

repBKcd »nd Ihe monolayer »m reacted with 05 ml «X»™~nJ 
rfa w P«rt^ ^ «e»^ the ftSr«; 



Ws fim es^lished die coriditions or acidification leoirired 
16 inhibit the nsiiiji*^^ 

were used as a control. Tb acidify the cytoplasmtfb^aSl 

f^dffiBes through the plasma r^brane a«lpr^ 
jegatw potential are captured in the ibnnrfNH.* During 

a t'2?' ^««raceltalar pH was only tansieatlyafected 
•« w acKnncaoon (P%. 1 a, solid triangles). In 

Jonal NaVH» antipart which werecte- 



SS^?? Na+/ H* anriport which were de 

mauUai fi bek ^ PH d8 for ^20 min (Rg. 1 /" ^ 
Th» slow recovery of intracellular pH l^'v^Z 
Wy due to a regulation of intracellular pH iBcdkt^b^^ 

^.^T ^ acidification ^Smmt 

ter the acidifkation, ^ no t altered in accordance 
wous results (ftwyssegur et al., 1984) ^ 
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figure 2. Effiect of cytoplas- 
mic acidification on raiding 
of ^-Jabded ttansftmn. Nfo- 
taut and parent cells (a and 
respectively) were prcincn- 
bated for 30 min at 37°C with 
20 mM NH4CI and 50 nM 
l25 HabeJcd transferrin. The 
ccfla were then washed twke 
and chased in the absence of 
NH<a and transferria. At the 
indicated times of chase, the 
amount of ,23 I-tnmsferrin was 
determined in the cell medi- 
um (foe counts; at the 
ceflsar&e(piDnase-iiisitive 
counts; a), and inside the cefl 
(pronase-rcsistant counts; □). 
Each fraction was expressed as 
the percentage of total counts 
that varied from lOOyOOO to 
120,000cpmpcrdish. The ex- 
periments were performed in 
duplicate and the results ex- 
pressed as the mean ± SIX 



t ? nsferrin ft,2 *) .TTie same kinetics of transferrin rccv- 

notshowny The number (rf transfiarin binding sites at the 
^wficeoftite mutant cells was not markedly affected by the 
^S^JStSSL 38 1 u f ti,ated ^-transferrin, 
bm^g saes was delected at different times after the 

bianejur^awoccopiedD^ 

cells acidified for 10 mm or n^acidSu^ec! 
trvely, 2* ± 0.4% and 2.7 ± 0.5% 



^ ^^^"«ion- of e«Iog^ was restricted 
10 rccei^-niediated endocytosis via coated nits, we used 
J*>dHfcr^ fluid phase markers: LY, which ca? easirybe 

. 1985), 




^sto^meeffixtoflowiiitracellu^ 
sis and the recycling of transferrin, since this is a well-char- 
acterized marker of receptor-nietikted endocytosis (Hopkins 
and Trowbndge, 1983; DautryAfcrsat et a!., 1983; Ciechan- 
ZHHJ^ 'J 9 ? 3 '' KJmwow et al., 1983). The iron-loaded 
wansfenm binds to the transferrin receptor and is intemal- 

aadnrendecy^ shtws ihe en^ of cy- 

toplasmic acidification on rransferrin-mediated *r% uptake 
In the nonacidified mutant cells, "ft accumulates linearly' 
up to 60 min (Fig. 1 b, open squares). The accumulation can 
be competed by an excess of 1 /tM cold transferrin. When 
vwtm cefls were acidified at pH 6.2 a significant reduction 
rf accumulation of "ft was initially de- 
tected^ 1 b, solid squares). After ~30 min endocytosis 
resumed at its normal rate. In the wild-type parent cells, 
"ft accumulates at similar rates both with and without 
aadification (Kg. 1 c ). 

The whole cycle of transferrin internalization and recy- 
cling at the cell surface occurs with a half-time of <W min 
0>a«ryA6rsrtetal., 1983;Ciecbaiwveretal., 1983; Klaus- 
neretal., 1983)aiiditwas()fuiteresttodelBniime whether 
tow cytoplasmic pH also had an effect on the recycling fiom 
the endosomes to the cell surface, for this iiunxwe, mwant 
aad parent cells were incubated with ^raiisferrin durina 
teW-ampse of NH«C1 and we detennined the amount 
of ^-transferrin present in the cell medium, inside the 
cell, or at the cell surface as a function of time during the 
chase. In the mutant cells acidified at pH 6.2, we observed 
an mhibitwn of the recycling to the cell surface of the inter- 
na^ trandbrin(Rg. 2 a). Recycling slowly r,^^ after 
20 rrun, and after 90 min virtually all the internalized counts 
were released into the cell medium (data not shown). Experi- 
ments performed under the same conditions with the parent 



andH^iuch can easily be quantitated (Steinman et al 
W^teumcidm imitantcells. LYacciamilatedpro^ 
S^^^y mtou^acelh^ mm 

acidified at pH 6.2 no accumulation of the fluid phase marker 
^ the first 10 min (Fig. 3rf).ftSoS 
reamed after 20 min (Fig. 3 e) as evidenced by mep^eS 
<*«5»rescem^^ 

vesicIesloadedwithLYwerede. 
tected(Fuj. 3f). In the parent cells used as a control, there 
was no lag time in the formation of LY-posrave endoevtic 

hSSt LY deariy detectab,e in «do^ScSaS 
bnghtfluorescent spots, but the quantitation of its uptake was 
not straightforward because it can slowly permeate toe 
Plasma membrane resulting in a weak and diffuse fluores- 

obtain a quantitative estimate tfthfarou^ 

£2*5' "I" 8 " 1 b ** mutant cells^dftout 
^cation, the accumulation of HRP was continuous for 
60nun(Fig 4a, opensqmns) . fame acidified mutantcells. 
the uptake of HRP was drastically reduced to 20% of the con- 
trols for tte first 20 min, and from 30 min onwards endocyto- 

Z n Itt L n0nna! 4 soM S< P«™1 1«» 

"5* *f T** rf HRP *» * '<he 
ac^caton (Rg. 4 A). When mutant cells were acidified 
and incubated in the presence of bicarbonate and 5% CO, 
to allow die cells to regulate their intracellular pH a'Alle- 
mau, et al 1985), HRP endocytosis resumed within 5m£ 
(data not shown). 

VVfeabo compared the uptake of HRP with that of >^l- 

of chase after acidification in the mutant cells (Fit. 5) Th* 

X 1^ wTnSnTonlnS 
^ { c^ ; 4«ing the first 20 min of chase. After this 
toie^mternauzation resumed with siiperimposable kinetics 
tor boA markers indicating that the reduction of mtracellular 
P iLu °^ m identical eflfect on both the fluid phase 
uptake^ HRP and the receptor-mediated erdocytoSrf 

Transport of VSVG from the JGNta the Cell Surface 
Since cytosolic acidification clearly interfered with the rate 
of membrane transport at various stages (internalization and 
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^^in the endocytic pathway, ft was conceivable that 

FjasmKpH on the transport rfVSVO fiom the TON tothe 
^»*»r6ce. The cells we« first incuo^ 

KtK and VSVG was then accumulated in the TON for irK 
nunatl^Chtfaepn^^ 

describedCGriffitfasetai., 19R5; de Curtis etallKS 
transport of VSV-G from the TGN to the cell 2u*£2^ 



S5f^^ Dona ^ ed *^cells shiftodtothe 
V3V-G protein to the plasma membrane. At 195°cVrJZ 

^if^ the acidification of the cytoplasm to 

pH d2 when starring the cells at 31"C Under S rand? 
eons, the variations of intracellular pH^th^c^t 
equivalent to those established at 37'C ^ Ffc.Tri 
The transport of VSV-G was monitored either by in> 

eeSlSS!!? * Pf™"*^ cells to reveal its uC 
cellular distributor! or by surface immunoassay to quantaate 
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Figure 4 -Effect cf cytoplas- 
ms addific^ion oa flui&. 

^'[p9^ } ; : cdbs, were h*. 

™* impulse • of 20 mM 
NH«q or ; without aodifica» 

(A) 




^ffW-S Comparison cf fluid 
phase endoqrtosb and nkep- 
torrmediated endocytosis in 

cgs acidified witti 20 mM 
NjHiCI were incnhated for 
different times inDMBh/BSA 
«g then gifccJjfaLs ; rain - 

■"MS* Ibe amoants cf HRP <* '^-tamfiirrto 



1? SO. 4S SO ' 
tin* (min) 



"Pfato of la I-tramferrin 



.... JW:K^fr^^ m» coarse of the cell suifiice appearabc^ «fe. 
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figure 2 Surface appearance 
of VSVM3 in infected mutant 
cells. The conditions of infec- 
tion of mutant cdb with VSV 
ts D45 and the conditions of 
accumulation of in the 
TON were identical to the 
ones of Fig. 6. After the indi- 
cated times of chase at 3FC> 
VSVO present at the cell sur- 
face was quanritated using an 
. ^ ^ anoVVSVO monoclonal ami. 

booy As a second antibody, m used an Eu-&beled anti-mouse a* 
tibody and we measured the delayed ftooiesceiiceemisskmof En, 
using a time-resolved spectrofluorimeter as described previoiisly 
^twst et aL, 1987). acidified cells; o, nonacidified cells! 
Each point was performed in quadruplicate and the r^^ 
pressed as a number of pl»ton cxwnts per second ± SIX 




cell sor&ce was increased to 35min, butessentiaKeMml 
amount ofVSW was deliver toCeC^^ 
and 90 nun as compared to the controls, (F^ 1 solid 

SSL^^ST *• *• TON loaded 

vS^O-Oa «te oyosectfons <*tained ftom me inula* ceib 

membrane compartment indistinguishable from 
^TCNprev^uslycrmHcter^ 
ai., 1985). toagieeniemwimourq^tarionof the surface 
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Table I. Transport of VSV-G from the TGN to the 
Cell Surface in BHK Cells 



Conditiom of 
iocitfactioa M 31 *C 


IttncdhtlvpH 


Ifetnoua* of VSV-G 

UHlHWIW uuui IOC I gn tD 






co$attj/s x HT* 


40 nun in 






MEMb pH 5.7 


6.2 


37 ± 11 


80 mk in 




MEMb pH 3.7 


6.2 


61 ± 21 


40 min in 




MEMb pH 5.7 


62 




fallowed by 40 mix 


i fallowed by 


186 + 15 


in GMEt pH 7.4 


12 


40 min in 






MEMb pH 7.4 


12 


148 ±14 


80 min in 
w iiuii ui 




MEMb pH 7.4 


7.2 


145 ±14 


40 min in 




MEMb pH 7.4 


72 




followed by 40 min 


followed by 


196 ±20 


in GME* pH 7.4 


72 



?SS VSV«iO<3, «■» VSV-0 «• accaaobtod in 

22! J r n, * r * e eooddfam at m Fig. 6. Ceto woe tfcea rimed 

cateAThe tanmt of VSV-O pitta* at tbe cdl surface was mowed with i 
noorommiunoisMy as io Fig. 7. 

*^J > !?** r ° ond due » ihe VSV-0 transported during the iacosatioa at 
IM'C 02 tlx UP coots/.) w» .dSSedlo^wrtB^S* 

2rfL^^,!^^^^ ,I T??? , ' "* TONJP Ihe cdl saite 
airing tbe 3I'C incohatbxi. Hie experiments were perfomwl fa triplicate and 
the remits expressed as the mean ± SD. F 
n^e^c^^toc^wM.OME«S containing bicnbonae fa Ae 
fKff"*?"* wfekh Is needed to reverse membrw transport m ceils 
acidified by exposure to low pH. 



andtbea«VHsedtopH7.2intbepres^of5%CC^,the 
transport of V5VG to the surface resumed 026 % relative of 
^jy yoQ- fa tbe cdl» incubated for 40 min in MEMb 

bnfl^atpH7.4aoithajfix4X)mininGME/rcSiniJic 
presence of 5% CX>j, we also fiwnd a high amount of VSV- 
G at the cell surface 032% relative to tbe control). 

Discussion 
Metarxrffcmlubitora 

used extensively to arrest membrane transport at denned 
stages in the endocytic and exocyoc pathways (reviewed in 
^Wtoanet al, 1986; Griffiths and S^lwTfSer 
and Rothman, Itt). Jn ifa study, wt aaaahmd to effxt 
of cytopiaaiifc acidiikM^ 

Tbe-Na*/H* antiport deficient ctmim&m Warmed 
and used to study different steps of membrane transport 
Tntse cells differ from the parent cells by a point mutation 
They are unable to regulate their intracellular pH in the 
ab^oe of bicarbonate and their cytoplasmic pH can be 
SSSrJS m <2 «»ing a pulse of 20 mM 

Mowed by an incubation in Nl%CM&ee medium 
(Pouj^gur etal., 1984). The parent cells are nbtacHfified 
alter^dse of and they were used systematically 
as contool cells. TO examined in these two cell lines, the 
efli«of cytosolic acidification on the axtocytosis and the re- 
cycling of transferrin, r on tbe endocytosis of two fluid phase 
ma, Wandon the export of a membrane glycqpi^ 
the TON to the cell surface. 



tions indicated also that two types of coated vesicles were 
still present in the acidified cells in the direct vicinity of the 
Golgi slacks and tbe TGN (Pig. 9). The vesicles having a 
thinner coat are probably equivalent to the rKinclathrin- 
coated vesicles mat were shown to contain VSVO in purified 
Gohji fractions (Orci et aL, 1986; Melancon et al., 1987) 
and some of them are associated with the rims of the Goto* 
stacks (see arrowheads in Fig. 9). The vesicles having the 
thicker coats were most likely clathrin coated (thin arrows) 
and in some cases tangential sections of these revealed the 
polygonal structure typical of clathrin-coated vesicles (doa- 
ble arrows in Faj. 9). Cladirin<oatedafflli»nclatfarinH»a^ 
vesicles were also found in the nonacidified cells m approxi- 
mately equivalent amounts (not shown), 



by the low cytosolic pH also occurred in other cell types, we 
checked the transport of VSV-G in BHK cells acidified by an 
incubation at an external pH of 5.7 as described (Davoost et 
al., 1987). Tabtelshowsthequantitation of the VSV-G trans- 
ported to tbe surface of BHK cells infected with VSVts 045 
and incubated at 19.5°C under the same conditions used for 
our parent and mutant cells. When the intracellular pH was 
dropped to 6.2 at 31°C the transport of VSV-G from the TCN 
to the surface was reduced during the first 40 min of 
acidification to 25% of tbe control at pH 7.2, and only 41% 
of the total VSV-G reached the cell surface after 80 min. 
VVTiratfaeuitracc^ularpHwasn 



Influence of Low Intracellular pH on Endocytosis 
Vfc showed previously that two threshold values of low ex- 
tracellular pH could block endocytosis of fluid phase and of 

^^'qi^^muitted, 198^Uno^n^ecOTdt 
tons of low intracellular pH, clathrin formed large intracel- 
lular aggregates. Wfc proposed that in the acidified cells, 
plasma membrane proteins and molecules present in the 
fluid phase were not dehvered to the endocytic compartment 
because ofa strong stabilization of clathrin^ Tbe 
same conclusion was reached in Vero or Hq»-2 cetts which 
were treated in Na+ free medium to inhibit the NaW an- 
tiport ami adored by a piilse of 40 riiMNH.Cl followed by 
a chase of 10 min. This treatment lowered the cytwrfasmic 
pH below pH 6.2 and blocked the uptake of HRP-fcbeled 
transferrin (Sandvig et al., 1987, 1988). However, when 
using a pulse of 25 mM NH,C1 instead of 40 mM, followed 

7* c £ft o f J 30 t miB instead of 10 min, the endocytosis of 
LY in the fluid phase or that rf ricin-gold conjugates, winch 
bmds to ganttose-terminating membrane grycoproteins and 
glycolipids, was not affected by the acidification of the 
cytoplasm c/V^ thepro- 
posai that ncwIatluTn^oated pits, also called Siiwodfpfe 
mgto be responsible for the i^^ 
the fluid phase and of ricin bound to terminal galactose 

IfSiff In ^'* we *** *«» **» * diflereSinui! 
tracelhilar pH at the different rime points considered to ana- 
lyze the uptake of transferrin, LY, and ricin, and that endocy- 
tosis resinned at the longer time pomts of iritenialization 

In me Na*/H* aonport deficient cells, we found that en- 
docytosis can be inhibited to aJMut 
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lowering the cytosolic pH below pH&8 and that endocytosis 
resumes spontaneously after 20 min of acidification when 
the intracellular pH increases above pH6A The rates of fluid 
phase endocytosis and at 'transferrin endocytosis from 
the clathrin-coated pits were exactly superimposaMe at any 
time point after die initial acidification off the mutant cells 
(Fig. 4). Therefore, (ytoplasmteac^ 
to discriminate different pathways of internalization* Using 
fluorescent phospholipid analogues implanted at the cell sur- 
face in BHK cells, we nocked that die internalization of 
phospholipids was also reduced to *>20% (Davoust, J. and 
M. Kail, manuscript in proration). The internalization of 
transferrin occurs at a slower rate between pH &2 and 68 in- 
dicating that clathrin-coated vesicles are able to pinch off at 
a slower rate from the cell surface. The residual internaliza- 
tkm of otto surface components or of markers present in the 
fluid phase probably occurs vktte in 
the acidified cell. In agreement with our interpretation, re- 
cent investigations have indicated that the endocytosis of 
fluid phase and viruses were inhibited to a similar extent in 
cells loaded with anti-clathrin antibodies (Doxsey et aL, 
1987). However, we cannot exclude a nonclathrin-coated 
pathway that would be inhibited at low pH or that would ac- 
count for <20% of fluid phase uptake. The inhibition of the 
recycling of '^-transferrin present in early endosomes indi- 
cates that cytoplasmic acidification affects membrane trans- 
port at multiple stages in the pathway. 

Influence of Low Intracellular pH on Transport from 
the TGNtothe CeU Surface 

In die exocytic pathway, several transport vesicles have been 
clearly identified in close association with die Golgi stacks 
and the TON (Griffiths et al., 1985; Griffiths and Simons, 
1986). Clathrin-coated vesicles are implicated in the exit of 
material out of this organel either to the secretory granules 
(Old etal., 1984; 1985; Tbaa atfTboze, 1986) or to the 
lysosomes (Lemansky et al., 1987). In addition to clathrin- 
coated veskles, a new type of coated vesicle that appears nc^ 
to contain clathrin has been recently identified in the Golgi 
complex (Orci et al., 1985; Griffiths et al., 1985). Using 
Golgi fractions purified from VSV-infected cells and primed 
with cytosol and ATP, these nonclathrin-coated vesicles were 
shown to contain VSV-G and it was proposed that these are 
the carrier vesicles responsible for the constitutive transport 
of membrane proteins through the Golgi stacks and possibly 
from the Golgi complex to the cell surface (Orci etal., 1986; 
Melanpm et al., 1987). This finding prompted us to study 
the transport of VSV-G from the Golgi complex to the cell 
surface. 

lb monitor die transport of VSV-G out of the Golgi com- 
plex, the cells were infected with VSV ts 045; VSVG was 
accumulated in the RER at the nonpennissive temperature 
of 39°C and then chased to the TGN at 19.5°C as previously 
described (Griffiths et al M 1985; de Curtis et al., 1988). 
When the cells were then shifted to the permissive tempera- 
ture of 3i°C, the surface appearance of VSV-G was clearly 
inhibited by cytosolk acidification for ~30-40 min and re- 
sumed afterwards as the cytoplasmic pH increased above pH 
7J1 This most likely corresponds to an inhibition of the bud- 
ding of the carrier vesicles from the TGN for ~20 min fol- 
lowed by a lag time of 10-20 min necessary for die transit 
of the VSV-G to the cell surfece. In BHK cells acidified by 



exposure to low external pH, the transport of VSV-G from 
the TGN to the ccUsuri^ was also arrest 
mk pH and resumed in die presence of a bicarbonate con- 
taining medium buffered at pH 7.4. 

At the uttrastmctural level, VSVG labeled with im- 
munogold particles on cryosectkms was cleariy associated 
with a membranous network located in close apposition to 
Golgi stacks in die mutant cells acidified for 30 min. From 
its morphology, this intracellular compartment, which re- 
tains \SW in the acidified cells, is very likely to be die 
equivalent of the TGN, which has been characterized in de- 
tails in otter cell types (reviewed in Griffiths and Simons, 

1986) . Furthermore the epon sections revealed the presence 
of two distinct types of coated vesicles in the Golgi region 
of the cell. The vesicles having thick and irregular coats are 
most probably clathrin-coated veskles whereas, the vesicles 
having a thinner and more regular coat are often found at the 
rim of Golgi stacks- This second type of coated veskka is 
certainly the equivalent of the nonclathrin-coated vesicles 
that were recently shown to contain VSV<J in Golgi fractions 
primed for transport (Orci et al., 1986; Melangon et al., 

1987) . Since VSV-G was retained in Golgi membranes it is 
likely that the low cytosolic pH inhibits the formation of car- 
rier vesicles involved in the transport of VSV-G from die 
TGN to the cell surface. 

The VSVG from the ts 045 mutant can also be used to 
monitor the transport from RER to Golgi complex by shift- 
ing die infected cells from 39 to 31°C However, we were not 
able to acidify properly our mutant cells with the NH+Cl 
technique during this shift from a bicarbonate-containing 
medium at 39°C to a bicarbonate-free medium at 31°C In 
preliminary experiments, we used BHK cells exposed to an 
external pH of 5.7 at 31°C and we assayed the appearance of 
a high molecular weight form of the VSV-G due presumably 
to stely lation indie TGN (de Curtis et al., 1988). This shift 
in molecular weight of VSVG was inhibited at low pH and 
resumed when returning the cells to neutral pH in a bicar- 
bonate-containing medium as for die transport from the TGN 
to the cell surface. In all likelihood several processes of 
membrane budding and transport distributed in the endocytic 
and exocytic pathways are sensitive to cytoplasmic acidifica- 
tion. However, they might be sensitive to different threshold 
values of pH beyond die effective resolution of 0l2-(X4 pH 
unit achieved in our kinetic analysis of membrane transport 
in the NaVH* antiport deficient cells. Further experiments 
are needed to determine the extent of the inhibition of trans- 
port from RER to Golgi complex. 

In summary the results obtained from die NaVH* and- 
port deficient cells indicate that cytosolk acidification below 
pH &8 can inhibit membrane transport in both the endocytic 
and exocytic directions. Tbe intracellular pH is witbom doubt 
an important parameter for ceHular functions and membrane 
traffic is sensitive to defined threshold values of tow pH. This 
can provide new experimental <araditio^ 
the export of secretory protein without changing the temper- 
ature or the composition of the cell medium. Physiological 
variations of intracellular pH induced by externally applied 
growth factors (Rwjyss^gur et al., 1982; Moolenar et al., 
1983; Paris and FouyssSgur, 1984) or neurotransmitters 
(KaOa and \bipo, 1987) could also modulate membrane 
traffic in specialized cells. For example, GABA can cause a 
drop in postsynaptic pH and it has been proposed that this 
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m :.ht nl» ft role in the inhibition of postsynaptic functions 
W P i2 tSl^ Our results Mggest that cytoplas- 

^Spl^^wm need to^on the mecnamm 
S?S^l^cidifi«tion afiect the budding «f the 

etuhKytk and esxytic processes. 
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pH REGULATION 



EXHIBIT 5 



WINTER 2001 



REGULATION OF ORGANELLE ACIDITY 



Introduction 

Intracellular compartments are largely defined 
by their lumenal pH. Regulation of organelle 
acidity is a vital aspect of cellular homeostasis. 

This lesson will show how to: 

• Import predefined functions 

• Import and fit experimental data 

Additionally, we will explore in greater detail the 
mechanisms of ion transport. 



A two compartment model 



V-ATPase 




Figure 1. Typical organelle pH values. 



Biological Background 

Acidity must be tightly regulated to sustain life. Blood pH is typically 7.4 pH units; when this value 
falls to just 7.2 severe acidosis ensues, and massive system failure follows and, if not treated , will result 
in death. Treatment involves the addition of buffer solutions to 
the blood. All cellular compartments maintain a distinctive pH 
that is essential to their function (see Figure 1); For example, 
lysosomes have pH ~ 5.0, in order to degrade harmful 
substances. The acidification of endosomes as they mature 
from early to late stages is required for the dissociation of 
receptors and ligands so that receptors can be recycled to the 
cell surface. A comprehensive understanding of how cellular 
organelles maintain their pH does not exist As we will see, 
modeling can be a useful tool for interpreting experimental 
da ta, 

Figure 2. Key pH regulatory elements. 

1 = V-ATPases, 2= proton leaks, 3 = K + leaks, 4 = lumenal buffering. 




The principle components of organeller pH regulation are listed in Figure 2. It is believed that the 
competition between the proton pumping V-ATPase, (item #1), and channel mediated proton leaking, 
(item #2), determines the steady state pH of many organelles. In crudest terms, this is like trying to file 
up a swimming pool with a bunch of holes in it The pool will fill until the input hose is overpowered 
by the leaks. The case of ion transport is complicated by other factors. The lumen of the organelle 
buffers many of the protons that are pumped from the cytoplasmic item #4). Additionally, as positive 
protons move across the organelle membrane a membrane potential builds up. This membrane potential 
is offset by the counter-movement of ions like potassium, (item #3). All of these effects can be 
combined into a coherent model. 

Mathematical Description 

THE V-ATPASE PROTON PUMP ACIDIFIES ORGANELLES 

The hydrolysis of ATP provides the energy for pumping protons against their concentration gradient 
For our purposes, we require the average pumping rate of a single Y-ATPase as a function of 
membrane potential and pH gradient, J(ApH, A*F). This function is defined numerically in the file 
VATPASE; it has been computed from another more complicated model. 

THE PASSIVE LEAK OF IONS DEPENDS UPON CONCENTRATION AND MEMBRANE POTENTIAL 

Intact bilayers are somewhat permeable to protons, but impermeable to other ions. Ion-specific channels 
allow an organelle to equilibrate specific ions between the lumen and cytoplasm. Movement of these 
ions through the channel is driven by the transmembrane concentration difference and the membrane 
potential. The simplest model for the diffusion flux of ions in the presence of a membrane potential can 
be described by 

j _p g ^(ffn L -[HVe») 

J Hleak- r H l-Q V 

j _ p . ^([K+] L -[KVe-") 0) 

■ , Kfeak -r K ' a Z lu 

l— e 

where P is the permeability of the membrane to each ion, S is the surface area of the compartment, C 
refers to cytoplasmic concentrations, L refers to lumenal concentrations, and U is the reduced 
membrane potential, U = ¥F/(RT). F is Faraday's constant, R is the gas constant, and T is absolute 
temperature. The value of F/(RT) at room temperature is given in Table 2. 



2 



Protons become buffered after they cross the membrane 

Cellular spaces are sponges for protons and other ions. Proteins and molecules are constantly binding 
and releasing ions from solution. The buffering capacity, 0 (units: [mol/pH]), measures the ability of the 

lumenal matrix is to bind protons. When protons cross the lipid bilayer a certain fraction of them are 
immediately bound and do not contribute to the pH. The change in proton concentration of the lumen 
and the change in pH are given by: 

AIH + ]=-P-ApH (2 ) 
In general, spaces have different buffering capacities at different pH values, but we will assume that the 
buffering power is a fixed constant For measured values see Table 1. 

ACCUMULATED CHARGE AS A MODEL FOR MEMBRANE POTENTIAL 

The membrane potential affects the flow of ions across lipid membranes and biases the distributions of 
those ions at steady state. Electroneutrality requires every small volume be electrically neutral. The 
men * iane P° tent ial arises from the microscopic deviation from electroneutrality at a lipid boundary. 
We use an explicit form for the membrane potential across the bilayer in terms of the excess charge 
inside the organelle. This treatment is very similar to the treatment of the membrane potential in the 
axon models. We assume that the net charge localizes to the lumenal leaflet, so that we can treat the 
membrane as a parallel plate capacitor. The potential drop across the bilayer is then written as: 

A V = ^^^gj& ^-feHc-^ -Bj (3) 

where A is the surface area of the membrane, Co is the capacitance per unit area of the membrane (C„- A 

is the total capacitance of the membrane), V is the volume of the organelle, and the numbered terms 
giving the concentrations of charged particles are: 

Total concentration of potassium ions. 

Total amount of buffered and free protons in the lumen. P is the buffering capacity. We assume 

that protons do not contribute to the membrane potential when the lumenal pH is equal to the 
cytoplasmic pH. 

Molar concentration of all impermeant charges. This term primarily represents fixed negative 
protein charges trapped in the lumen. 



1. 
2. 

3. 
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Despite the complexity of this system, it is only a two-tank model. In the next section we will construct 
this model in Berkeley Madonna 

Assembling the model 

Pure proton and potassium leak 

Using the equations window, we begin by writing down differential equations for H and K, the lumenal 
proton and potassium concentrations, respectively. At this point, only include the passive leak for each 
time dependent variable (see equation (1)). In general, reservoirs should represent numbers of things. 
Let H and K be moles/liter (molarity). (Always check the units of terms!) Specifically, we use liters and 
centimeters (1000 cm 3 = 1 liter). Use the function pH = -log 10(H) to represent the pH. 

TECHNICAL NOTE. Often we encounter equations such as y = x/x that we want to evaluate when the 
denominator is equal to zero. In this case, the answer is 1 but if we ask the computer to evaluate this it 
will return a divide by zero error. Computers do not take limits easily. Equation (1) exhibits this 
problem when the membrane potential is equal to zero. The easiest way to handle this problem is to 
rewrite the equation in an equivalent form at the troubled areas. For equation 1, we use the form: 

~ ■ i/.(rH + ] L -[H + ] c e- u ) 

Ph - S * t L - .„ C 1 for - .01 > U > .01 

l— e 

„ „ ([H + ] L -[H + ] c e- u ) (4) 
Ph S * L J * a ; for -.01 < U< .01 

Use the IF statement in Berkeley Madonna to implement this form of the leak term for the protons 
and the potassium. 

Use the numbers for the Golgi from Table 1 and let, *F (Psi), equal zero to answer the following 
questions. 

1. Start off with the lumenal pH = 5.4 and watch the proton concentration decrease until it is the 
same as the cytoplasmic value. It might be easiest to determine this by actually looking at the 
pH's. What is the time constant for the proton movement (use the plot of concentration, not the 
pH)? 

2. Start off with the lumenal K + concentration at 20 mM. What is the time constant for this 
movement? The ratio of time constants is related to the ratio of permeabilities. When the model 



leak — < 



4 



reaches steady state, if the lumenal and cytoplasmic quantities are not equal then the channels 
are not being treated properly. 

Accounting for proton buffering 

Use ApH = -l/p-A[H + ] to rewrite the differential equation for the proton concentration. Now make the 

proton concentration a function just as we made pH a function above. 

3. Compare the time constants for the lumenal proton concentration when the buffering is 0.01, 
0.02, and 0.04 M. Notice that the proton movement is extremely slow now. Additionally, the 
change in pH is proportional to the proton concentration not the pH. Therefore, the solution is 
not an exponential and the time constant depends upon the initial values. 

Couple in the membrane potential 

So far the leak terms should be well behaved. When we Add in the membrane potential, which couples 
the ion flows, we might find that pur equations are not quite right Expect problems here. Represent the 
membrane potential as in equation (3). Let the Donnen particle concentration, B = 0.1 M. We must 
enforce electroneutrality at the start of the simulation. We do this with the initial potassium 

concentration. Set DOT K = B-p(pH_c-pH). Explore the model and once you are convinced that it is 

giving reasonable results continue. 

Add in proton pumping 

Select Data Sets and import the function VATPASE as a 2-D matrix. We can set the pump rate equal to 
this function by defining it like this: 

J pia np=N-Pump*#VATPASE(psi,pH) (5) 
This function returns the number of protons per second per pump. What factors must this function be 
multiplied by in order to be used in the differential equation for pH? Write the correct form of the 
equation into your model You must define a new parameter, N_pumps = number of pumps on the 
organelle membrane. Once the entire model is complete move on to the case studies. 

NOTE: Predefined numerical functions are only defined over a certain domain. If during a simulation 
your variables extend beyond this domain the predefined function will not give the correct results. 
VATPASE is defined for 4.0 < pH < 7.6 and -80 mV < ¥ < 260 mV. 
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Case 1. Endosomal acidification 

Endosomes have been extracted from cells and are bathing in a 7.4 pH solution with 140 mM K + . The 
V- ATPase proton pumps are not working because the solution lacks ATP. The pH of the endosome is 
measured using pH sensitive dyes. At time=37 seconds, ATP is reintroduced to the bathing solution 
and the endosomes begins to acidify from pH 7.4. Load the file MVB_74 into your model (this is the 
acidification data). 

4. Using the endosora (MVB) param 1 determine the number of V- ATPase 

pumps and the proton permeability by fitting the model pH to the experimental data. Using the 
fact that the endosomal pH = 7.4 in the absence of any proton pumping, determine the 
concentration of donnan particles. 

Case 2. Membrane leakiness 

We want to determine the proton permeability of the Golgi and secretory granule. We have provided 
you with two data sets each containing five experiments: 

Data Set #1 - [SG_1; SG_2; SG_3; SG_4; SG_5] 

Data Set #2 - [GolgLl; Golgi_2; Golgi_3; Golgi_4; Golgi_5] 

Load this data mtd your program. In each of th^ experimwits, intact cells ha ve been loaded with pH , 
fluorescent dyes that localize to specific organelles in the cell. The pH of the organelle can then be 
measured by recording the light emitted from the cell. At time zero, the cell was washed with a drug, 
bafilomycin, that inhibits the proton pump so that the organelles can no longer maintain their acidity, 
and they begin to alkalinize. This can be seen in the data sets. 

5. For each experimental curve, begin with the initial pH near the pH of the first data point Fit the 
model to the data using the curve fit procedure. Allow the program to adjust the proton 
permeability and the donnan particle concentration, B. Record the best-fit proton permeability. 
Remember that the proton pumps have been "turned off* experimentally. This means that 
N_pump=0 in your model. Repeat this for all the data sets and compute the mean and standard 
deviation for each organelle. Do these experiments show a noticeable difference in the bilayer 
leakiness between the Golgi and secretory granule? 

NOTE: Remember to use the correct parameters from Table 1 when analyzing different organelles. 
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Tables 



Parameter 


GoI»i 


Secretory Granule 


Kiulosome (MVB) 


Surface Area [cm 2 ] 


5.14 xlO' 6 


1.26 xlO' 9 


1.36 xlO' 8 


Volume jL] 


2.6 xlO* 14 


4.2 xlO* 18 


1.5 xlO" 16 


Potassium permeability [cm/s] 


1 xlO' 5 


1 xlO* 5 


1 xlO" 5 


Buffering capacity [M/pH] 


0.026 


0.02 


0.04 



Table 1. Typical values for Golgi, secretory granules, and endosomes. 



Parameter v .|liio 


Cytoplasmic pH 


7.4 


Cytoplasmic potassium [M] 


0.140 


Membrane capacitance [kF/cm 2 ] 


1 xlO" 9 


Faraday's Constant [moles/Coulomb] 


96,480 


Avegadro's Number [molecules/mole] 


6.02 xlO 23 


F/(RT) [mV 1 ] 


(25.69)' 1 



Table 2. Constants and typical variables. 
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Abstract . The scope of a galactosylation procedure with five immobilized 
enzymes has been examined with oligosaccharides bearing terminal, non- 
reducing sGlcHAc residues. Tri-, pent a- and hexasaccharides related to 
glycolipids or glycoproteins have been prepared. Cytidine monophosphate 
was converted to the triphosphate with phosphoenol pyruvate, ATP 
(catalytic) and two immobilized enzymes, and utilized in a synthesis of 
CHPNeuSAc with an immobilized synthetase. Acylneuraminate pyruvate-lyase 
immobilized on agaros? gave a gel which catalysed the synthesis of 
representative sialic acids from pyruvate and mannosamine derivatives. 



INTRODUCTION 



Glycosidation with glycosyl nucleotides and the highly specific 
glycosyltransferases is a very common biochemical practice, which has been 
applied to free oligosaccharides, giycoconjugates, and even whole cells, and 
would dispense the organic chemist from the tedious protection - deprotection 
strategy. However, its very low scale - from the nano- to the micromole * is a 
major drawback. Enzymes and glycosyl nucleotides are costly reagents, not 
easily recoverable. This may reflect only temporary economic conditions, but 
there is a more fundamental problem: the stoichiometric use of a glycosyl 
nucleotides accumulates in the medium the corresponding nucleotide, which may 
be inhibitory to the transferase at mN concentrations (Ref. 1). The now 
classical solution to these- problems is to attach the enzyme to a suitable 
insoluble polymer which is used as an aqueous suspension. When the reaction is 
finished , the enzyme is separated from the products by filtration, and may be 
used again many times in favourable circumstances* Only catalytic quantities 
of glycosyl nucleotides are necessary, as they are constantly regenerated in 
the medium by the interplay of appropriate substrates with other enzymes, also 
present in the immobilized state. 

The objection may be raised that many useful glycosyltransferases are poorly 
available, being found only in mammals, sometimes Indeed only in human blood or 
milk. The presently rapidly developing cloning techniques may soon put an end 
to these shortages, so that it seems strongly advisable that organic chemists' 
being at once to train themselves in the manipulation of these new reagents, 
which may be on the market in a not too distant future. 

The transferase properties of the Escherichia coll s-galactosidase have been 
used for the synthesis of a di saccharide (ReTT" 2). The immobilised 6- 
galactosidase, acting on a mixture of lactose and N-acetylglucosamine, gave a 
mixture of products which contained 20% aCalp-(l-6)-GlcNAc. In view of the 
very low price of most si&ple sugars, the use of such glycosidases for 
di saccharide synthesis should be considered, especially for the preparation of 
starting material, whenever the product is not too difficult to separate from 
the reaction mixture on tee 10*100 mmol scale* For later steps, the 
association of a specific transferase with the enzymes of glycosyl nucleotides 
regeneration appears more useful. He shall first describe the syntheses of 
oligosaccharides related to the Ii system of blood groups with the enzymes of 
the Leloir pathway, a method first used for a synthesis of lactosamine (Ref. 



We shall next discuss problems of sialylation : the syntheses of CTP and 
CMPNeuSAc, and the high scale preparations of sialic acids. 
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GALACTOSYLATIONS WITH W-ACETYL6LUCOSAMINE ^ (1 -* 4> 
GALACTOSYLTRANSFERASE 

The galactosylation cycle is shown in Scheme 1. The transfer of e-D-galacto- 
pyranosyl unit from uridine diphosphate galactose to the 0-4 position of a 
terminal, non-reducing residue of B-N-acetylglucosamine, catalysed by 
transferase I, releases an equimolecular quantity of uridine diphosphate. This 
is enzymatically phosphorylated to uridine triphosphate by phoaphoenol pyruvate 
in the presence of pyruvate kinase IX* . Another specific transferase. III, 
catalyses the synthesis of the glycosyl nucleotides, uridine diphosphate 
glucose, from uridine triphosphate and o-D-glucose 1-phosphate. This is a 
reversible reaction which must be displaced in the synthetic direction by the 
destruction of its other product, pyrophosphate, which is hydrolysed to 
inorganic phosphate with the help of pyrophosphatase IV. The last step is the 
conversion of uridine diphosphate glucose to uridine diphosphate galactose, 
catalysed by epimerase V. Broadly speaking, the system must be fed with 
o-D-glucose 1-phosphate and the "source of energy" (phosphoe no 1 pyruvate) and 
releases inorganic phosphate and pyruvate as by-products. 




pyruvate P6P 



Scheme 1. The s-D-galactopyranosylation cycle.- Complete system (final 
concentrations, raX) t oligosaccharide substrate (6.7); «-D-glucose 1-phosphate 
(7)i phosphoenolpyruvate, PEP (7)» UDP-glucose (0.17)* HAD* (1); MnCU (2)* 
MgCU (4)2 KC1 (70)i dlthlothreltol (10)* NaM 3 (1.5). The pH is adjusted* to 8, 
and \hm immobilised entymes are added : I, s-D-galactosyltransf erase (C.C 
2.4.1.22) (3.8 U)i II, pyruvate kinase (E.C. 2.7.1.40 (34 U)j III » UDP-glucose 
pyrophosphorylase (B.C. 2. 7.7.9) (5 0); IV, inorganic pyrophosphatase 
(E.C. 3. 6. 1.1) (25 0); V, UOP-galactose 4 -epimerase (B.C. 5.1.3.2) (3.7 U). 
Pinal volume 100 *L. Temperature t 30 *C. 

Enzymes I-V are commercially available? enzymes II, III and IV are relatively 
inexpensive. Nevertheless, we preferred to prepare galactosyltransf erase in 
our laboratory. Por this, the only necessary addition to the usual equipment 
of the organic chemistry laboratory was a refrigerated centrifuge. Our 
experience is that the carbohydrate chemist, trained to work with water-soluble 
substances, needs no extensive practical knowledge in enzymology to concentrate 
180 0 of this enzyme from 2 L of cow colostrum (Ref. 1). The five enzymes are 
immobilized separately as already described (Ref. 4 and 5). The nature of the 
support does not aopear to be critical (see, for example, Ref. 3). The agarose 
gels are suspended in water, and the pH is maintained at its optimum value, 
8.0, with pH-stat equipment. A 0.1 N Tris buffer, pH 8.0, may also be used for 
small scale preparations, when an excess of salts may be tolerated in the work 
up. The system is gently stirred at 30*C. The complete reaction requires a 
few days with 2 0 of immobilized transferase per mmol of substrate. After it 
has stopped, the product is separated from the gels, which can generally be 
utilized again, either on the same substrate or another one. The 
oligosaccharide is recovered from its solution by ion-exchange de-ionization 
followed by f reeze-drying. Starting material, if still present, is removed by 
silica gel column chromatography. The reaction may slow down at 70% 
completion. The reason is the accumulation of an ionic inhibitor, maybe 
phosphate. In such a case, the solution separated from the gel is deionized, 
and mixed again with the same gel, and, of course, a fresh batch of ionic 
cofactors. 
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Oligosaccharides 1, 2, 4, 5 and 6 were prepared by mixed-type synthesis, 
enzymatic galactosylation being the last step in an otherwise traditional 
sequence (Ref. 6, 7, 8 and 9). The identification of 1, 2 and 5 rests on the 
comparison of their properties, especially the NMR spectra, with those of 
samples already prepared in our laboratory by classical means (Ref. 8 and 
10). Trisaccharide 1 was first recognised as the epitope of one of the I* 
antigens in man, I(Ma) ; but it is likely that it has a more fundamental 
significance, the I(Ma) antigen being expressed on mouse embryos from the 
single cell stage until after the sixth day of development (Ref, 11). 
Trisaccharide 2 is a fragment of the main chain of glycol ipids. The free 
hexasaccha ride "corresponding to glycoside 5 is a trace component of human milk 
(5 mg/L) (Ref. 12). 

Galactosylation of the branched trisaccharlde-glycoside 3 raised an interesting 
problem. In principle, there are two reactive positions', one on each terminal 
non-reducing a-N-acetylglucosamine residue. The residue linked to the primary 
position of galactose appears to be more reactive (but only marginally more) 
than the other one, as was shown in delicate kinetic experiments from the group 
of Van den Eijnden, with the soluble enzyme (Ref. 13). Moreover, the reaction 
of 3 (1 iimol) with excess uridine diphosphate galactose (4 umol) and soluble 
transferase (0.1 0), afforded hexasaccharide 5 (Ref. 14). On the other hand, 
our immobilised enzyme system in the presence* of one equivalent each of •-!>- 
glucose 1-phosphate and phosphoenolpyruvate gave only traces of hexasaccharide 
5, even after 6 days. The only product which was practically obtained was a 
pentasaccharide. The two-dimensional COSY l B hnr spectrum of the derived 
peracetate could be interpreted in a completely consistent manner. Assignment 
of chemical shifts to each of the 35 ring protons showed that, on the sGlcHAc 
residue linked to position 3 of galactose, proton H-4 was geminal to an acetoxy 
group, and in consequence, this residue was not galactosylated. This was 
confirmed by the comparison on the mppm scale of the chemical shifts of the 
anomeric protons of the pentasaccharide with those of tetrasaccharlde 3 and 
hexasaccharide 5, already interpreted in our laboratory (Ref. 3). Thus," this 
pentasaccharide^ was obtained with a selectivity probably unattainable by any 
current method of organic chemistry. Doubling the proportion of reagents 
changed nothing. Hexasaccharide 5 could only be prepared * in modest yield - 
with long reaction times and addition of fresh enzymes. 
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NeuSAc 



V 




CTP 



CMPNeuSAc 



Pyruvate 



PEP 




CDP 



PEP 



Pyruvate 




Scheme 2. Preparation of cytidine monophosphate N-aeetylneura*inic acid from 



mercaptoethanol were added* to the final concentrations given (aft), CTP (13) j 
NeuSAc (3.3); MgCl 2 (4); MnCl 2 (6.25); thymol (1). Temperature 37*C. 



As the optimum pB of the synthetase is 9 in the presence of Mg ions* and that 
of sialyltransferase is in the vicinity of 7* any attempt to sake them work 
together in the same vessel would be hopeless* Fortunately, Higa and Paulson* 
looking for suitable conditions to activate the alkali-labile acetates of R- 
acetylneuraminic acid, with the same ensyme in the soluble state* made the very 
pertinent observation" that replacement of Mg ioha lo^rs the op^ji^ p& to 7* 

desir^°to 

avoid conditions which might slow down reaction 2* as CMPNeuSAc is reported not 
to be very stable in the medium (we have .not noticed any degradation at pB 7 
for 48 h). Thus the synthesis of CMPNeuSAc is a two-step reaction* where every 
component is readily available except the synthetase. Biga and Paulson 
reported the extraction of 63 a from three calf brains* maybe in very 
favourable conditions. In principle * this would allow the preparation of 1.3 g 
of CMPNeuAc with our system, which could be utilised again. 

In a very recent report (Ref • 25) describing the preparation of a collection of 
sialosides in the range of 10-20 ymol with soluble transferases* the authors 
stress the fact that the availability of CMPNeuSAc might be a limiting factor 
in such approaches. 

He are currently working on the immobilisation of sialyltransferase from cow 
colostrum. 



A list of natural sialic acids may be found in Schauer's review in 1982 (Ref. 
21). Most are esters* primarily acetates* of the alcoholic functions at 
positions 4* 7, 8 and 9 of N-acetyl- or H-glycolyl neuraminic acid. N- 
Acetyl neuraminic acid itself* which has been obtained by synthesis (Ref. 26) or 
extraction from the urine of patients suffering from some rare diseases* is not 
a very accessible compound. All its congeners have been obtained by extraction 
from natural sources* for example* the submaxillary mucin of some domestic 
mammals (Ref. 22); they are even less easily available* but at least as 
important from the physiological point of view. 



SYNTHESES OF SIALIC ACIDS 




33)^ The reagent needed, prepared and 

, c^b^ i precautions. ,: ::; Azidat ion of the sugar 

derl^t^^^J 

eiwllenitj>f atf all|* r3eX-teactton*--if!: '^heMi;;3>" T!ie^ ; li i crylt id I i^ 
mannosamine 10 precipitated di rect ly W the ether solu t ion a f ter 

removal of inorganic material at the end of step e (Scheme 3)* The function of 
this amine as; r turn-table in bur general route is illustrated by this 
preparation of the lactyl ester 12 (Scheme 4 )v 
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CHfCHOBi»CCK>CH» 



Scheme 4. a) Bu 2 SnO- benzene; b) CHj-CHOBn-COCl; c) Pd-H 2 . 



CHO 



OftOCOCHOHCHB 



12 



CHO 



fr'CONH— 



-OH 



to* 
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Scheme 5. Preparation of sialic acids.- Coaplete systes : To the immobilized 
acylneuraminate-pyruvate lyase (E.C.4.1.3.3) (2.7 tf) suspended in SO mn 
phosphate buffer, pR 7.2 (36 aL), were added, to the final concentrations given 
(mM) : the N-acyl-mannosasiine substrate (100) > Na pyruvate (1000)? 
dithiothreitol (T); Na» 3 (1*5). Temperature 37»C. 

Coounercial aldolase was immobilized on agarose, vith a 51% yield of enzymatic 
activity, to give a gel with a specific activity of 1.25 0/mL. The conditions 
of the reactions are summarised in Scheme 5. He may note as a general c om m ent 
that these synthetic pathways are completely unphysiological. The aldolase we 
use has only catabolic functions in cells. In nature, N-acetylneuraminic acid 
is built from phosphor y la ted precursors, and modifications only happen later 
on, by enzymatic oxidation of the N-acetyl to the N-glycolyl group, or 
enzymatic ester if ication. 

N- Acetylneuramlnic acid (14, R 1= CH 3 , R 2 =H). 

With our enzymatic tecRnique, it is not necessary to start from the costly pure 
N-acetylmannoaamine. N-Acetylglucosamine is first epimerized in alkaline 
medium. Excess N-acetylglucosamine is then removed by one crystallisation from 
the equilibrium mixture; and the enriched mother-liquor, with a 1:1 P-qluco/P- 
manno ratio, is directly treated with aldolase. Only the D -manno configuration 
is recognized by the enzyme, and the D- gluco epimer is not inhibitory. 
Furthermore, the carboxylic acid function of the product allows an easy 
separation from the unchanged neutral sugars in the medium. The yield is 1 
mmol of N-acetylneuraminic acid per enzymatic unit (Ref. 34). 

* 

N- qlycolylneuraminlc acid (14, R* » OUOH, K » H). 

This acid , apparent ly~aEsent in man, is very common in other mammals, up to 90% 
of the sialic acids fraction in some tissues. The mixture obtained by the 
alkaline epimerization of N-glycolylglucosamine may also be used in the 
enzymatic synthesis. 

9-O- Acetyi -N- acetvlneuraminlc acid (14, R 1 ■ CH,, R 2 * Ac). 

This is an ester of common occurrence (Ref. 35). Interestingly, according to 
some recent reports, a N-acetyl-9-O-acetyl-neuraminic acid residue is present 
in the antigenic epitope~of a ganglloside found in the developing rat embryonic 
neuroectoderm and in human melanoma cells recognised by a monoclonal antibody, 
Mab Dl-1, prepared against the rat B49 cell lines (Ref. 36, 37). 

9-O- Lactyl -N- acetvlneuramlnlc acid (14, R 1 » CH3, R 2 - CH3CHOHCO) . 
The presence of the L-lactyniastereoisomer in natural sources has been 
mentioned several times. The DL-lactic acid ester of N-acetylmannosamine 12 
was found to be a substrate of the aldolase. However, the corresponding sialic 
acid was readily hydrolyxed at pH 7.2 during the entymatic reaction, so that 
the product was contaminated with about 30% of N-acetylneuraminic acid. 
Partial resolution could be achieved with the reported chromatographic systems 
(Ref. 38). Its ready hydrolysis at pH 7.2 during the enzymatic reaction is a 
cause of low yield. 
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utilized (see Scheme 16). Acetyl phosphate is a chemical very easily pre- 
pared* either in ethyl acetate 64 or water" solution. Transfer of phosphate to 
ADP occurs in the presence of acetate kinase* found in K coil However 
because of the relative instability or acetyl phosphate io water, it must be 
added gradually to the vessel in case of long incubation periods. It appears to 
have been abandoned in favor of enofpyruvate phosphate, which is more 
stable in water solution, despite a more-complex synthesis." The enzyme 
associated with enotpyro vale phosphate is the widespread pyruvate kinase, 
which is one of the key glycolysis enzymes. 

d. Pieparatian of Pentose Phosphates with Systems of More than Two 
Enzymes.— Scheme 16 indicates that phosphorylating systems ate essen- 
tially two-enzyme systems, a substrate-specific kinase, and a kinase for ATP 
regeneration. However, other enzymes may be associated to the kinases in 
the same vessel, either for the in j//u preparation of substrate, bribe further 
processing of product In the preparation of ribulose (i>-er>#WpentuIose) 
{^diphosphate, the substrate of Ihe r^osphorybtion enzyme, namely, ri- 
bolose 5-phosphate, is obtained by the oxidative decarboxylation ofr>du- 
<^acid6imosi>liatewimcoe 

CO,. The reduced coenzyme NADH(P) is oxidized back to NADTP) with 
2-ketogmtarate in the presence of NH 9 , which is converted into glutamate, 
and is the final oxidant The successful operation of this system demon- 
strated the possiWtily of preparing compounds on the mole scale with four 
immobilized enzymes." 

Alternatively, M ribulose" (tyerythroveaivkxse) 5-phosphate may be iso- 
mcrized to ribose 5-phosphate with pentose phosphate isomerase, but the 
convert D-ribose 5-phosphate into o-ery/A^pentulose 
5-phosphate, the equffibrium being displaced by phosphorylation to the 
diphosphate (involving three enzyme systems). 

3. Nucleotides 

Phosphorolysis of ribonucleic acid with polynucleotide i*osphoiytee 
gives a mixture of the diphosphates of the four common nucleosides, which 
are transformed info triphosphates with enolpyrovate phosphate and pyru- 
vate kinase. This mixture may be used as such as a source of uridine triphos- 
phate in the preparation of the nacfcottde-sugar uridine ^d>o-glucopy- 
ranosyi diphosphate) ("uridine-diDhosphate-glucose, w UDP-GIc), or as a 

W D.C Com aada ML WfafesiJai/ Org Ounu 48(1983)3130-3132. 

(65) R. I. KarfMstesnd G. M. Whitaida,/. Org Chtnx, 50(1985) 1069-1076. 

(66) aLffirichWD,F-P.Nfaicw)d,andaM.Whitoi<fes,/(7^. Otem., 47 (1982)37(5. 
376ft 

(67) C H. Wong,S, D.McCWiy, and G. M. Whiteside* / Am. Chan. Soc, 102 (1980) 



o 

ENZYMFC PREPARATION OF CARBOHYDRATES 2n 

■5SJ1TJ J** P&ospfaate donor being eoclpvnivate 

CTP 

Pyruvate 




enervate phosphate- 

COP CMP 

Enolpyrovate phoiphaie . 




ATP 

Pjwivite*^ > — *^ 
, *»04B 17.-Ewynjic Pnpratioa of CTP. 

(«» c a<«« Mdcawim*. immmi«, »(»««)jw.jja 




6 



J F.NZVMIC PREPARATION OF CARBOH VDRATES 



215 



V.2. This is not the case with cylidinc monophosphate AAacctylneura.minic 
acid (49) (sec Scheme 1 8). the activated form of Macelylncurami nic acid for 
staloside synthesis, as no sialylation cycle has so far been achieved, and thus 
this precursor must be added to the system in stoichiometric quantity. Thus, 
the availability of 49 is still the limiting factor in the large-scale synthesis of 
sialosides. 

Free, onphosnhorylated Macelylncuraminic acid is directly converted 
into 49 by cytidine triphosphate m the presence of a synthetase (see Scheme 
1 8). This enzyme is not commercially available for the time being, but calf 
brain is a good source," and purification to homogeneity is not necessary. 
Thissynthetase accepts substrates other than Macetyf neuraminic acid, such 
as Macetyl-9-f>accttfoeuramintc acid (20). Mgly^lyfneuraminic acid 
(12). and, with less efficiency, "Kdn M (I I). ft is not t>ossible to associate ihk 
synthetase to pyruvate kinase, and nucleoadcmoiioDhosphate kinase as a 
three^nzy me systeni_in a s ingle vessel. forCMP is degraded by this enzyme, 
i nis is not 3 severe prohldm: lhe crude solution of CTP obtained by the 
reactions of Scheme 17 is separated from the gel by filtration, and then, the 
sialic acid and the immobilized synthetase are added. Immobilized inorganic 
pyrophosphatase is also added in order todrive to the right the equilibrium in 
Scheme 18. by decomposition of the product pyrophosphate (see Scheme 
I9)." w " 

The preparation of cytidine monophosphate Macetyhteuraminic acid 
(49) was described by Auge and coworkers ' 5 Immobilized nucleoside mon- 
ophosphokinase (0.6 U) and pyruvate kinase (10 U) were gently stirred at 
37* under nitrogen with CMP (0.5 mmol). ATP (0.05 mmolKandenolpyni- 
vale phosphate (I 5 mmol) in O.I A/Tris buffer (pH 7.5)containing 35 mM 
KCI. 2 mM MgCI,, 3 mA/ 2-mefcaptoethanol. mM thymol, and 0.1 mA/ 
EDTA. The reaction was monitored by l.l.c. on PEI-cdlulose with successive 
elutions with LrCt 0.3 A#(l min). M(I2 min).and 1.6 A/(47 min). After 2 
days, t he gel was collected, and washed with 0.1 A/Tris buffer (pH 7.5). and 
the filtrate and washings were used without farther treatment for CMP-sialic 
add synthesis. Immobilize^ CMP-sialic acid synthetase (3.7 U) and inor- 
ganic pyrophosphatase (6 U),wcrc added to the crude preparation of CTP 
(0.5 mmol). together with A'-acel ^neuraminic acid (0.5 mmol). The sub- 
strate was adjusted to2 mA/by dilution with 0.1 A/Tris buffer (pH 9). The 
pH was zdjuacd to 9 and the MgO, concentration lo 35 mA/. 2-Mercap- 
toethanol and thymol were kept at 3 mM and I mM, respectively, and the 
mixture was gently stirred at 37* under nitrogen. The reaction was moni- 
tored by tic. on PEI-cellulose as described for the synthesis of CTP, and on 
silica gel (7: 3 I -propane]- wafer). After 10 h, the yield of 49 was 60% as 



(?J) D. II. van den Eijnden and W. van Dij*. Htwe-Srtfft'sZ. Ptiysiol. Chan.. )53 (1972) 
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Scheme 19.— Encyntie Synthesis of Cybdioe Monophosphate W-Aotlylntrimminic Acid 
Suiting from CMP. 



estimated by I be thiobarbHuric add assay 17 and the reaction was stopped. 
The gd was collected, washed with O.IA/Tris buffer (pH 9), and the filtrate 
and washings were combined, and purified by chromatography on a refrig- 
erated column (3 X 45cm)of DEAE-Sephadex A-25 (HCO/). Eluiion with 
a gradient of 0 to 0.15M triethyfammonivm hydrogencarbonate (pH 7.8) 
gave 49 as its di(tricthyhmmonipm) salt (234 mg, 52%X R F 0.53 (7:3 1- 



(74) C. Augc and C Gantbcron, CoOoque InL Rcadifs Support**, Lyon. Join 1982. 

(75) V TUem and W. Itoder, Angew. Chan.. Int. Ed. Engl.. 25 (1986) 1094- 1097. 
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propanol- water); (oV* - 18* <f 1.9, wafer); •H-n.m.r data (D a O): S 1.65 
(m, 1 H, H-3o), 2.05 <s» 3 H, NAc), 2.50 (dd. I H, J» M 12.5, 5 Hz, 
H.3e).5.97(d, I H,/ u 4.5 Hz.H-1 ofribose).6.l0(d, I H,7 M 7.5 Hz.H-5 
of cytosinc), and 7.9? (d, I H, H-6 of cytosine). 

The nucleotide-sialic acids 50, SI, and 52 could be prepared in the same 
way.° 

Tabtc VII gives a list of nudeotide-sugars prepared with immobilized 
enzymes. 



Glyco&yJalions occur in cells by the Letoir pathway, Ant demonstrated for 
gatactosytation.'' The glycosyl donor is a nucleotide-sugar, and the glycosy- 
latiori step proper is catalyzed by a transferase. At the same time, a free 
nucleotide is released which may be used to regenerate the starting nucleo- 
tide-sugar in a few enzymic steps. Therefore, in principle, the role of nucleo- 
tides should only be catalytic. Only a limited number of nucleotide-sogars 
occur in cells, so that any one of them may be involved in different types of 
coupling. Oo the other hand, the transferase is highly specific, with respect to 
the glycosyl donor, the sugar acceptor, and the position and anomcric orien- 
tation of the coupling. Variations may be tolerated in the sugar units of the 




50 R 1 • NHCOCllj. R 1 = Ac 

51 R 1 - NHCOCHjOH, r' = H 

52 RUOH.R'sH 



V. Glvcosylations with Transferases 
I. General Considerations 



(76) L. F. Letoir, Science, m (1971) 1299- im. 
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oligosaccharide acceptor not directly involved, but this part of the acceptor is 
by no means totally indifferent. 

Relatively early reports(l980- 1982) from Barker and hisgroupdescribed 
galactosylation" and fucosylation 7 ' with soluble transferases. 

2. Caladosylalion 

Scheme 20 shows the corresponding cycle, first reported for the synthesis 
of AT-acef yllactosamine on the 10-g scale (R - H), u and later utilized in the 




Scheme 20.— The MttW-fntyme System whidi Regenerates UDP-Gabctose in silutor Enzy- 
me B-Galactwytaion. 



synthesis of many complex oligosaccharides (R - oligosaccharide resi- 
due); M : ,WM0 The transfer ora^D-galactopyranoiyl group from "uridine- 
dipfosphate-galactose" to CM of a terminal, nonreducing residue of Atace- 
lyl-^-D- glucosamine, catalyzed by galactosyl transferase (GT) releases an 
equimolecular quantity of uridine diphosphate. This is enzymically pbos- 
phorylated to uridine triphosphate by enolpyruvale phosphate in the pres- 
ence of pyruvate kinase. Another transferase* UDP-pyrophosphorylase 

(7?) H. A. Nuna «nd R. Barter, Biochcmitfry. 19 < 1980) 489- 495. 

(78) P. R. Rosevtar. HL A. Nona, and R. Barker. Biodxtmhity. 21 (1982) 1421 - 14)1. 

(79) C Auft. S. David. C Mafhic* and C. Caotheron. Trtrahrdron Leu^ 23 (1984) 14*7- 
1470. 

(80) C Auge, C. Gavtheron, and H. Pon. Carbohydt. iter., 19) (1989) 288-29). 
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[29] GDP-L-[i4 C ]Fucosei^ 
By Harry Schachter, Hanako Ishihara, and Edward C. Heath 

GDP-L-["C]fucose is prepared by the utilization of L-fucose kinase 3 
to synthesize 14 C-/?-L-fucose 1 -phosphate; the isolated radioactive fucose 
phosphate derivative is then used as substrate with GTP in the GDP- 
L-fucose pyrophosphorylase reaction 4 to synthesize the sugar nucleotide. 

L-fucose + ATP — ► 0-L-fucose 1-phosphate -f ADP 
/3-i^fucose 1-phosphate -f GTP ±^ GDP-L-fucose + P-Pj 

Synthesis and Isolation of /?-l-[ 14 C] Fucose 1 -Phosphate 

The extensively purified preparation of L-fucose kinase from porcine 
liver may be utilized for this procedure although the ammonium sulfate 
fraction is satisfactory. The method outlined here utilizes the latter prep- 
aration, thus permitting both the kinase and the pyrophosphorylase (see 
below) to be prepared from the same extract. 

Procedure. The ammonium sulfate (0-30%) pellet obtained from 
250 g of porcine liver is dissolved in approximately 15 ml of 0.13 M 
sodium phosphate buffer, pH 7.4. An incubation mixture is prepared that 
contains the following (in micromoles) in a final volume of 100 ml: l- 
[ 14 C] fucose, 67 (8.7 X 10 6 cpm/^mole) ; ATP, 2000; MgCl 2 , 1000; KF, 
1000; Tris, pH 8, 6700; and 10 ml of the ammonium sulfate fraction de- 
scribed above. After 3 hours of incubation, 2 volumes of ethanol are added, 
and the mixture is placed in a water bath at 55° for 5 minutes and then in 
an ice bath. After cooling for 30 minutes, the mixture is centrifuged for 10 
minutes at 2000 g } the precipitate is washed three times with 100-ml 
portions of 70% ethanol, and the supernatant and wash solutions are 
combined. The solution is concentrated under reduced pressure and frac- 
tionated on a Dowex 1-HC0 3 ~ column (2.5 X 27 cm) in a manner iden- 
tical with that described for the small scale preparation. 5 The fractions 
eluted from the column between 0.3 and 0.4 M _ ammonium bicarbonate 
are combined and adjusted to pH 4 with Dowex 50, H + form; colorimetric 
assay of the solution for 6-deoxyhexose 6 indicates the presence of 120 
/imoles of fucose. After removal of resin by filtration, the filtrate is con- 

1 I. Jabbal and H. Schachter, J. Biol Chem. 246, 5154 (1971). 
3 H. Ishihara and E. C. Heath, /. Biol Chem. 343, 1110 (1968). 
a H. Ishihara, H. Schachter, and E. C. Heath, this volume [48]. 
4 H. Ishihara and E. C. Heath, this volume [49]. 

B H. Ishihara, D. J. Massaro, and E. C. Heath, /. Biol Chem. 243, 1103 (1968). 
e Z. Dische and L. B. Shettles, /. Biol Chem. 175, 595 (1948). 
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centrated under reduced pressure to approximately 3 ml. To the filtrate 
is added 0.5 ml of a 2 M solution of barium acetate, and the small pre- 
cipitate of barium carbonate is removed by centrifugation. The precipitate 
is washed twice with 1-ml portions of cold water, and to the combined 
supernatant solutions are added 10 volumes of ethanol. The suspension 
is allowed to stand overnight at 4°, and the white, flocculent precipitate 
is collected by centrifugation, washed with cold ethanol and ether, and 
dried under vacuum. Analysis of the crude barium fucose phosphate in- 
dicates that it is 54% pure on a dry weight basis. Reprecipitation of the 
barium salt with ethanol increases the purity to 66%, with a yield of 
approximately 40% based on the original amount of fucose used in the 
incubation mixture. 

The fucose phosphate preparation is further purified by conversion 
to the lithium salt as follows. A solution (5 ml) containing 30 /unoles 
of barium fucose phosphate is shaken with 2 ml (bed volume) of Dowex 
50, Li + form (200-400 mesh) resin for 5 hours at room temperature. The 
resin is removed by filtration and washed with a small amount of water; 
the filtrate is concentrated under reduced pressure to dryness and dis- 
solved in 1 ml of methanol, and lithium fucose phosphate is precipitated 
by the addition of 10 ml of cold acetone. The precipitate is collected by 
centrifugation, washed successively with cold acetone and ether, and 
dried under vacuum. Analysis indicates that the lithium salt is approxi- 
mately 75% pure on a dry weight basis. 

Synthesis of GDP-h-[ 14 C] Fucose 

The pork liver supernatant remaining after precipitation of L-fucose 
kinase activity at 30% ammounium sulfate is adjusted to an ammonium 
sulfate concentration of 50% and centrifuged at 20,000 g for 20 minutes. 
The resultant pellet is dissolved in about 10 ml of 0.03 M sodium phos- 
phate buffer at pH 7.4 containing 0.1 mAf dithiothreitol. This crude 
preparation of GDP-l- fucose pyrophosphorylase is further purified by 
gel filtration on a Sephadex G-100 column (5 X 85 cm) equilibrated with 
0.03 M sodium phosphate at pH 7.4, containing 0.1 mAf dithiothreitol. 
An incubation mixture is prepared which contains the following (in micro- 
moles) in a final volume of 300 ml: 0-l-[ 14 C] fucose 1-phosphate, 27; 
GTP, 210; MgCI 2 , 1200; KF, 2400; Tris, pH 8.0, 12,000; and 150 'ml 
of GDP-L-fucose pyrophosphorylase from the Sephadex G-100 column. 
After incubation at 37° for 2 hours, the reaction is stopped by addition 
of 2 volumes of ethanol. The suspension is centrifuged at 4000 g for 15 
minutes, and the pellet is reextracted with ethanol. The combined ethanol 
extracts are evaporated under reduced pressure and the residue is dis- 
solved in 300 ml of water. The solution is applied to a column (5X9 cm) 
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of Dowex 1-X2, chloride form, 50-100 mesh, and the column is washed 
with 300 ml of 0.005 M Tris-HCl buffer, pH 7.5. The adsorbed materials 
are fractionated by elution with a linear gradient v (3000 ml) of 0-1.0 M 
KC1 in 0.005 M Tris-HCl, pH 7.5. Fractions are assayed for radioactivity 
and for ultraviolet light-absorbing materials; GDP-L-[ 14 C]fucose is 
eluted after L-[ I4 C]fucose 1-phosphate and is the main ultraviolet light- 
absorbing peak. The GDP-fucose peak fractions are pooled, evaporated 
under reduced pressure, and desalted by passage through a column (5 X 
80 cm) of Sephadex G-10 equilibrated with 0.05 M triethylamine-bicar- 
bonate, pH 7.5. Yields of GDP-[ 14 C]fucose are usually better than 60%. 
The final GDP-L-[ 14 C]fucose preparation has a specific activity of 8.3 X 
10* cpm//imole, exhibits an ultraviolet absorption spectrum characteristic 
of a guanosine nucleotide, and moves as a single radioactive and ultra- 
violet absorbing peak on high voltage electrophoresis at pH 6.5 in 
pyridinium acetate and on paper chromatography in the following 
solvent systems: I, ethanol-lAf ammonium acetate at pH 7.5 (7:3); 
and II, ammonium hydroxide-water-ethanol (1:10:80). Hydrolysis of 
the nucleotide sugar with 0.01 M HC1 for 10 minutes at 100° releases a 
radioactive compound which migrates with standard ir-fucose on high 
voltage electrophoresis in 1% sodium tetraborate and on paper chroma- 
tography in several standard solvent systems. 



[30] TDP-[3- 3 H]Glucose and TDP-[4- 3 H] Glucose 1 * 2 
By Oth mar Gabriel 



Methods for the synthesis of TDP-glucose specifically tritium-labeled 
at carbon 3 or carbon 4 of the hexose moiety arc described. It is nec- 
essary first to prepare labeled glucose-S!F and glucose-^r, respectively; 
this is followed by enzymatic or chemical phosphorylation 3 to sugar 1- 
phosphate and condensation to the corresponding sugar nucleotide. It 
should be noted that once the specifically labeled parent sugar is prepared, 
the condensation of glucose 1-phosphate to any purine or pyrimidine 



'The terms TDP-glucose^sr, TDP-glucose-^ T, glucose^r, or glucose-^ as used 
in this paper refer to tritiated compounds labeled specifically at carbon 3 or 4, 
respectively, of the hexose. 

2 This work was supported by Grant AI-07241 from the National Institute of Al- 
lergy and Infectious Diseases, National Institutes of Health, United States Public 
Health Service. 

J D. L. MacDonald, J. Org. Chem. 27, 1107 (1962). 
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Guanosine diphosphate fucose (GDP-fucose) is the 
substrate for the fucosyl transferases involved in the 
biosynthesis of blood group substances and other tissue 
antigens. In mammals, 1 J * higher plants 3 * 4 * and certain 
bacteria 5,6 * this sugar nucleotide is synthesized by com- 
plicated enzyme systems. Evidence is presented showing 
that GDP-4-keto-6-deoxy-D-mannose is an intermediate in 
the conversion of GDP-mannose to GDP-fucose and this 
conversion requires NADPH. The preparation of GDP- 
fucose was reported using cell-free extracts of Aerobacter 
aerogenes. S) The chemical synthesis of this nucleotide was 
also reported. 7 * However, these preparative methods are 
not efficient and provide only a small amount of GDP- 
fucose. This nucleotide has been used as an analytical 
• reagent for identification of rare blood groups such as the 
Bombay type. In the present work, we describe the 
convenient preparation of a large amount of GDP-fucose 
by using microbial enzymes. 

GDP-mannose was prepared from GMP by the fermen- 
tative method described previously. 8 * The reaction system 
contained 200 /miol of GMPNa 2 , 8.0mmol of glucose, 
3.6mmol of potassium phosphate buffer, pH 7.0, 200/imol 
of MgS0 4 and 1 g of air-dried cells of baker's yeast in a 
total volume of 10 ml. The reaction was carried out at 
28°C with shaking for 10 hr using twenty large test tubes 
(25 x 200 mm) and terminated by immersing the tubes in 
boiling water for 5 min. Cells were centrifuged off and 
the combined supernatants were then treated with char- 
coal, followed by elution with 50% ethanol containing 
5% NH 4 OH. The eluate was concentrated by evapora- 
tion under reduced pressure and applied to a column of 
Dowex 1 x 2 (CI " form). GDP-mannose was eiuted with 
0.01 n HCM).12m NaCl solution. 

For screening, bacteria were cultivated in a medium 
containing 1.0% casamino acid, 0.5% yeast extract, 0.3% 
K 2 HP0 4 , 0.1% KH 2 P0 4 and 0.5% glucose 5 * at 28°C for 
16hr on a reciprocal shaker. After harvesting by centri- 
fugation, the cells were suspended in 0.01m Tris-HCl 
buffer, pH 7.5, and disrupted by sonication for 15 min. 



The broken cell suspension was centrifuged and to the 
supernatant was added ammonium sulfate to 35^80% 
saturation. The resulting precipitate was dissolved in 
0.01m Tris-HCl buffer, pH 7.5, and dialyzed overnight 
against the same buffer. The dialyzed solution was used as 
the enzyme preparation. The most convenient method for 
assaying the enzyme is spectrophotometric determination 
of NADPH oxidation which accompanies the conversion 
of GDP-mannose to GDP-fucose. The assay was carried 
out at 25°C in a cuvette containing 0.6 /miol of GDP- 
mannose, 0.6 /miol of NADPH, 60 /miol of Tris-HCl 
buffer (pH 7.5) and the enzyme protein in 3 ml. Another 
method for assaying the enzyme is determination of GDP- 
fucose which was separated by paper chromatography. 
The reaction mixture consisted of 3.0 /zmol of GDP- 
mannose, 1.2 /miol of NADPH, 200 /miol of Tris-HCl 
buffer (pH 7.5), 10 /miol of glucose-6-phosphate and the 
enzyme protein in 1 ml. Glucose-6-phosphate was required 
for the generation system of NADP-NADPH by glucose- 
6-phosphate dehydrogenase which was presumed to be 
contained in the cell extract. Incubation was carried out at 
30°C and stopped by heating in boiling water for 3 min. 
An aliquot of the reaction mixture was chromatography 
with a solvent system of 95% ethanol- 1 m ammonium 
acetate (2:1, pH 7.5), 9 * and the ultraviolet-absorbing spot 
corresponding to GDP-fucose was cut out and extracted. 
In order to find microorganisms which have high enzyme 
activity for the formation of GDP-fucose, we examined 
bacteria, molds and yeasts in our collection. GDP-fucose- 
forming activity was found in some bacteria including 
Aerobacter aerogenes 5 * and Agrobacterium radiobacter, but 
could not be found in molds or yeasts. We found that the 
activity of Agrobacterium radiobacter was higher than that 
of Aerobacter aerogenes. 5) So, we prepared GDP-fucose on 
a large scale using the crude enzymes of A. radiobacter. In 
a typical experiment, 70 /miol of GDP-mannose was in- 
cubated with 24 /miol of NADPH, 600 /miol of Tris-HCl 
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Fig. 1. Time Course of Reaction with GDP-Fucose 
Formation from GDP-Mannose. 

The reaction was carried out under the conditions given in 
the text. O, GDP-fucose; #, GDP-mannose; @, 
guanosine. 
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Fig. 2. Absorption Spectra of Authentic Sugars and 
the Acid Hydrolyzate of the Isolated Nucleotide in the 
Phenol-Sulfuric Acid Reaction. 
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buffer (pH 8.0), 60/anol of glucose-6-phosphate and the 
crude enzyme preparation of A. radiobacter (about 200 mg 
of protein) in a total volume of 50 ml. The reaction was 
carried out under stationary conditions at 30°C for 5 hr. 
Paper chromatography of the nucleotides in aliquots of 
the reaction mixture at various times during the in- 
cubation showed decreasing amounts of GDP-mannose 
(Fig. I) and the appearance of a new ultraviolet-absorbing 
compound in the area above GDP-mannose. This part of 
the paper chromatograms was eluted with 0.01 n HC1 and 
heated at 100°C for 15min to hydrolyze the compound. 
This treatment liberated a sugar having an Rf identical 
with that of fucose when chromatography with a solvent 
system of ethylacetate-water-pyridine (4:2: 4) 10> followed 
by spraying with AgN0 3 reagent. Then, the reaction 
mixture after 5hr incubation was heated in boiling water 
for 5 min and then cooled. After the denatured protein was 
removed by centrifugation, the nucleotides in the super- 
natant were adsorbed on charcoal and eluted with 50% 
ethanol containing 5% NH 4 OH. The eluate was reduced in 
volume by evaporation and applied to a column of Dowex 
1 x 2 (chloride form). The column was washed with water 
and then with 0.01 n HC1, and then eluted with a gradient 
of 0 to 0.5 m NaCl in 0.01 n HCI. Guanosine and NADP 
(H) were separated from GDP-sugars by this column chro- 
matography, but GDP-mannose and GDP-fucose were 
not separable. Then, the eluate containing both sugar nu- 
cleotides was chromatographed with ethanol-ammonium 
acetate solution and GDP-fucose was eluted from the 



chromatogram with water. The isolated nucleotide ex- 
hibited a typical ultraviolet absorption spectrum of gua- 
nosine derivatives. The sugar liberated by mild acid hy- 
drolysis exhibited the characteristic 400 nm absorption 
peak when subjected to the specific test for 6-deoxy- 
hexoses. n> Mannose did not yield a chromophore in this 
test. Additional evidence for the identity of fucose was the 
absorption spectrum corresponding to that of authentic 
fucose after the phenol-sulfuric acid reaction. 12) The sugar 
liberated from this nucleotide has absorption maxima at 
330, 440 and 480 nm, and the absorbance at 330 nm is 
higher than the absorbances of the other peaks, which is 
characteristic of fucose (Fig. 2). The isolated nucleotide 
was incubated at 37°C for 2hr with blood serum of group 
O which had fucosyltransferase and red cells of the 
Bombay type, the antigen of which had no fucosyl moiety 
because of a lack of fucosyltransferase in the serum. The 
cells of the Bombay type were not agglutinated with anti- 
H. But after the incubation, they showed anti-H activity, 
which was evidence for the binding of L-fucose from GDP- 
fucose to the antigen of red cells of the Bombay type. 
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The Lewis blood group-specified iV-acetylglucosa- 
minide al -* 4 fucosyltransferase and an iV-acetylglu- 
cosaminide al — » 3 fucosyltransferase have been co- 
purified over 500,000-fold from human milk by affinity 
chromatography on GDP-hexanolamine agarose. The 
purified enzyme preparation migrates as two major 
bands on sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis with apparent M T = 53,000 and 51,000. 
Analysis of the acceptor substrate specificity of the 
transferase^) and structural characterization of the 
reaction products indicate that the enzyme(s) forms the 
Fucttl -+ 4GlcNAc, Fucal -» 3GlcNAc v and Fucal -* 
3GIc linkages with oligosaccharide acceptors contain- 
ing the nonreducing terminal sequences Gal/21 — * 
3GlcNAc Gal01 -* 4GlcNAc, and Gal^l ~* 4Glc, respec- 
tively. 

The two fucosyltransferase activities are activated to 
the same extent by a variety of divalent metal ions, 
inactivated at identical rates by thermal denaturation 
or reaction with JV-ethylmaleimide, and inhibited to the 
same extent by rabbit antiserum prepared against the 
purified fucosyl transferase^). In addition, kinetic anal* 
ysis of the initial rate data obtained using acceptors for 
one of the fucosyltransferase activities as an inhibitor 
of the second suggests that acceptors for both fucosyl- 
transferase activities bind at a single active site. 



GDP-Fuc + Gal01 3GlcNAc-R- 



The Lewis blood group system of the human erythrocyte is 
characterized by two antigens, Le° and Le h , which have been 
shown to have the following structural determinants (1). 

Fucal 4 Fucttl — 2Gai£l — 3 

\ \ 
GlcNAc-R GlcNAc-R 

/ / 
Gatfl-* 3 Fucal-* 4 

Le H Le b 

Expression of the Lewis blood group activity depends on the 
presence of the Le gene product, an iV-acetylglucosarninide 
al —> 4 fucosyltransferase which catalyzes the following reac- 
tion (2, 3) 



* This work was supported by Research Grants HL-06400 and GM- 
2747 from the National Institutes of Health and Grant GB-29334 from 
the National Science Foundation. The costs of publication of this 
article were defrayed in part by the payment of page charges. This 
article must therefore be hereby marked "advertisement" in accord- 
ance with 18 U.S.C. Section 1734 solely to indicate this fact 
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The Le* antigen is the product of this enzyme while the Le b 
antigen is the gene interaction product of this enzyme and the 
//-gene- specified /Ngalactoside al -» 2 fucosyltransferase (1). 

GDP-Fuc + Gal01 -> 3GlcNAc . 

Fucal 2GaJ0I -» 3GlcNAc + GDP 

The TV-acetylglucosaminide al —» 4 fucosyltransferase activ- 
ity has been demonstrated in human milk and its presence 
has been shown to correlate with the Lewis blood type of the 
donor (4, 5). In addition, human milk contains fucosyltrans- 
ferase activities catalyzing each of the following reactions (6). 



Fuctrl 3 



Gal£l — 4GlcNAc-R + GDP-Fuc - 



\ 



GlcNAc-R+GDP 



Gatfl — 4 
Fucal -* 3 



Gal£l -» 4Glc+ GDP-Fuc - 



Gatf 1 -> 4 



/ 
\ 

C 
/ 



Glc 4- GDP 



These activities are present in all individuals regardless of 
their Lewis blood type (3, 7). Evidence has been reported 
suggesting that the two activities are catalyzed by a single 
enzyme (8). 

This report describes the co-purification of the three fucos- 
yltransferase activities over 500,000-fold from human milk. 
Data are presented suggesting that the three activities are 
contained in a single enzyme. Preliminary reports of this work 
have been presented (9, 10). 

EXPERIMENTAL PROCEDURES 
Materials 

Human milk was obtained from the lactarium of the Oeuvre 
National de l'Enfance, Brussels, Belgium. Milk samples were pooled 
and stored frozen until use. Unlabeled GDP-fucose was a gift from 
Dr. Robert Barker (Chemistry Department, Cornell University). The 
pure almond emulsin al — ► 3/al — ♦ 4 fucosidase was provided by 
Michael Imber (Biochemistry Department, Duke University). Anti- 
freeze glycoprotein was purified as described previously (11) from the 
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serum of Dissostichus mawaoni, which was a gift from Dr. A. L. 
DeVries (Department of Physiology, University of Illinois). ati-Acid 
glycoprotein was provided by Dr. Karl Schmid (Boston University 
School of Medicine). Lactoferrin (12), 2'-fucosyllactose, lacto-A7-tet- 
raose, lacto-W-neotetraose, lacto-itf-fucopentaose I, a mixture of lacto- 
N*fucopentaose II and III (13), and 6'-galactosyllactose (14) were 
isolated from human milk as previously described. 3'-SiaryUactose 
and 6'-sialyllactose were isolated from bovine colostrum as described 
earlier (16). Gatf I — 4GlcNAc' (16), Gal£l — 6 GlcNAc (16), Gal>Sl 
3GalNAc (17), GDP-hexanolamine-agarose (18), and glycosidase- 
treated glycoprotein derivatives (19) were prepared as previously 
described. The following materials were obtained commercially: GDP- 
[ u C]fucose, 222 mCi/mmol, (New England Nuclear); human transfer- 
rin (Sigma); Gai/?1 3GlcNAc (Sefochem Fine Chemicals, Ltd.); 
lactose (Maliinckrodt); OV-210 and ECNSS-M column packings (Ap- 
plied Science Laboratories, Inc.); and bovine serum albumin fBoeh- 
ringer Mannheim Corp.). 

Fucosyltransferase Assays 

Assays I and II, specific for the al — ► 3 and al — ► 4 fucosyltrans- 
ferase activities, respectively, were used to quantitate these activities 
at each stage of the purification. Assay III was used for glycoprotein 
acceptor substrates. One unit of activity is defined as the amount of 
enzyme that transfers J pmol of fucose/min under the standard assay 
conditions. 

Assay /—The reaction mixture in 100 al contained 5 omol of Mops- 
NaOH, pH 7.5, 0.5 umol of MnCl 2 , 10 /zmol of NaCl, 1 nmol of GDP- 
fucose (20,000 cpm/rimol), 100 jig of bovine serum albumin, 0.3 jtmol 
of 2'-fucosyllactose, and up to 200 microunits of the transferase. 
Control assays without acceptor were prepared to correct for endog- 
enous acceptor activity and hydrolysis of GDP- fu cose. After 15 min 
at 37°C, the reaction was stopped by the addition of 1 ml of cold 
water and the mixture was apphed to a 1- ml column of Dowex 1-X8 
(chloride cycle; 100-200 mesh) poured in a Pasteur pipette. The 
column was washed with another 1 ml of water and the combined 
effluent, containing the fucosyla ted product, was collected in a scin- 
tillation vial for counting. 

Assay //—The al -* 4 fucosyltransferase is assayed as described 
for Assay I except that 27 nmol of lacto-iV-fucopentaose I is used in 
place of the 2'-fucosyuactose. 

Assay HI— Reaction mixtures for the assay using glycoprotein 
acceptors were the same as described for Assay I except that the 
appropriate glycoprotein is used in place of 2'-fucosylIactose. After 
incubation at 37°C for 15 min, the reaction was stopped by adding 10 
/i) of 0.4 m HC1 and the reaction mixture waa applied to a column (0.8 
x 14 cm) of Sephadex G-50 (fine) developed with 0.2 M NaCl. The 
first 2.0 ml of effluent was discarded and the next 2.0 ml waa collected 
in a scintillation vial for counting. 

Purification Procedure 

All operations were performed at 4 °C unless otherwise noted. 
Protein was assayed by the Amidoschwarz dye-binding method (20), 
Glass chromatography columns and glass wool bed supports were 
siliconized before use (21) and plasticware was used whenever possi- 
ble. 

Step 1: Batch Adsorption on SP-Sephadex^-The thawed milk 
(20-40 liters) was mixed with dry SP-Sephadex C-50 (1 g of SP- 
Sephadex/ liter of milk) and stirred for 10-14 h at 4 °C. The super- 
natant was decanted and the swollen resin was washed five times with 
three volumes of water. The washed resin was then layered in a 
column (4-5 cm in diameter) on top of an equal volume of SP- 
Sephadex C-50 equilibrated in 0.15 M NaCl. The column was then 
el u ted successively with one bed volume each of 0.2, 0.4, and 0.6 M 
NaCl at a flow rate of 1 bed volume/6 h. Fractions containing the 
fucosyltransferase activity, eluting with the 0.4 M NaCl, were pooled 
and concentrated to 300 ml on a CH4 hollow fiber concentrator with 
an H1P10 cartridge (Am icon). 

Step 2: First Chromatography on CDP-Sepharose— The concen- 
trated enzyme solution from Step 1 was applied to a column (1.5 X 12 

' The abbreviations used are: GlcNAc, N-acetylglucosamine; GDP- 
Fuc, guanosine-6'-diphosphofucose; GaJNAc, ^-acetylgalactosamine; 
Mops, 3-(7V-morpholino)propanesulfonic acid; GDP-hexanolamine, 
P'-(6-amin o- 1 -hexy 1 )- P 2 - (5'guanosine ) pyrophosphate; SP-Sephadex, 
sulfopropyl-Sephadex. The prefixes asialo- and agalacto- refer to the 
removal of sialic acid and galactose by neuraminidase and galactosid- 
ase. respectively. 



cm) of GDP-hexanolamine-agarose (3 umol of ligand/ml of settled 
gel) equilibrated with 50 mM sodium cacodylate, pH 7.2, containing 
0.1 M NaCl, 0.05% sodium azide, 25% glycerol (buffer A), and the 
column was washed with 40 ml of the same buffer. Fucosyltransferase 
activity was then eluted with 50 mM sodium cacodylate, pH 7.2, 0.8 
m NaCl, 25% glycerol, 5 mM GMP, 0.06% sodium azide (buffer B) at 
a flow rate of SO ml/h. Fractions containing the fucosyltransferase 
activity were pooled and desalted by chromatography on a column 
(4 x 100 cm) of Sephadex G-25 (fine) equilibrated in buffer A. 

Step 3: Second Chromatography on GDP-Sepharose — The de- 
salted enzyme from Step 2 was applied to a column (0.8 x 5 cm) of 
GDP-hexanolamine-agarose (3 umol of ligand/ml of settled gel) equil- 
ibrated with buffer A and the column was eluted successively with 25 
mJ of buffer A, 25 ml of buffer B devoid of GMP, and 50 ml of buffer 
B. Fractions containing the fucosyltransferase were pooled and an- 
alyzed against 50 mM sodium cacodylate, pH 6.25, 0.05% sodium azide, 
50% glycerol. 

Step 4: Ion Exchange Chromatography on CM-Sepharose — The 
dialyzed enzyme was applied to a column (1.6 x 3 cm) of CM- 
Sepharose CL-6B equilibrated with 50 mM sodium cacodylate, pH 
6.25, 0.05% sodium azide, 10% glycerol. The column was washed with 
equilibration buffer and the transferase waa eluted with a linear 
gradient of 20 ml of equilibration buffer as the starting buffer and 20 
ml of 50 mM Mops-NaOH, pH 7.2, 0.25 M NaCl. 0.05% sodium azide, 
10% glycerol as the limit buffer at a flow rate of 6 ml/h. Fractions 
containing fucosyltransferase activity were pooled and dialyzed 
against buffer A containing 50% glycerol. 

Step 5: Concentration on GDP-Sepharose — The enzyme solution 
from Step 4 was applied to a column (0.4 x 4 cm) of GDP-hexanolam- 
ine-agarose (3 amol/ml of settled gel) equilibrated with buffer A. The 
column was washed with 4 ml of 50 mM sodium cacodylate, pH 7.2, 

0. 15 m NaCl, 0.05% sodium azide, 25% glycerol, and fucosyltransferase 
activity was eluted with the same buffer containing 2 mM GMP. 
Fractions containing the activity were pooled, dialyzed against buffer 
A containing 50% glycerol, and stored at -20 °C. 

Preparation of Fucosylated Products 

Fucosylated derivatives of lactase, N-acetyllactosamine, and lacto- 
iV-tetraose were prepared for structural analysis by incubating 1.0 
funol of the acceptor with 10 umol of Mops-NaOH, pH 7.5, 1 /imol of 
MnCli, 1.0 pmol of GDP-fucose (760 cpm/nmol), 100 fig of bovine 
serum albumin, 50 millmnits of the fucosyltransferase in a total 
volume of 200 /d. After 6 h, another 1.0 fimol of GDP-fucose and 50 
milHunits of the transferase were added and the reaction was contin- 
ued for 18 h. Each reaction mixture was diluted with 1.0 ml of water 
and the product was separated from excess GDP-fucose by chroma- 
tography on Dowex 1-X8 as described for the fucosyltransferase assay 

1. The flowthrough was lyophilized, redissolved in 400 yX of water, and 
chromatographed on a column (1.5 x 115 cm) of Bio-Gel P-2 (200- 
400 mesh) equilibrated in water, 

Fucosyl al — ► 3 asialo transferrin containing 0.80 mol of fucose/mol 
of galactose was prepared aa previously described (22). 

Characterization of Reaction Products 

Paper Chromatography — Oligosaccharide reaction products were 
identified by paper chromatography on Whatman 3MM paper by 
descending chromatography with ethyl acetate/pyridine/water (12:5: 
4) as solvent for 2 to 5 days. The paper was cut in 1-cm strips and 
counted in a toluene scintillation medium to locate the products. 

Methylation Analysis — Methylation, hydrolysis, reduction, and 
acetylation of the fucosylated oligosaccharides were performed as 
previously described (23). The partially methylated aldidol acetates 
of neutral sugars were identified by the retention times on a 6-foot 
glass column of 3% OV-210 (100-200 me3h, Gas-chrom Q) at 160 °C. 
Partially methylated 2-/V-methylgtucosarninitol acetates were identi- 
fied by the retention times on 6-foot glass columns of 3% ECNSS-M 
(100-120 mesh, Gas-chrom Q) and 3% OV-210 (100-120 mesh, Gas- 
chrom Q) at 190 °C. Mass spectrometry of the partially methylated 
alditol acetates was performed on a Hewlett-Packard 5992B gas 
chromatogTaph-mass spectrometer equipped with a 6- foot glass col- 
umn of 3% OV-210 (100-120 mesh, Gas-chrom Q) using a temperature 
program with an initial temperature of 160 °C for 10 min followed by 
a linear increase to 250 °C at 5 °C/min. The spectra obtained were 
compared with published reference spectra (24-26). 

Fucosidase Digestion— The fucosylated asialo transferrin deriva- 
tive (5 nmol of fucose) was incubated with 10/imol of sodium acetate. 
pH 5.0, IOfimoI of NaCl, 100 jxg of bovine serum albumin, l.Omilliunit 
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of the almond emulsin al -> 3/al -» 4 fucosidase. After 24 h at 37 °C, 
free fucose was separated from the glycoprotein by chromatography 
on columns (0.8 X 10 cm) of Sephadex G-50 (fine) as described for 
Assay 111. 

Preparation ofAntisera 

The fucosyltransferase from Step 5 (200 /*g) was dissolved in 1.0 ml 
of 0.9% NaCl and mixed with an equal volume of FreunaV complete 
adjuvant for multiple intradermal injection. At 3 and 6 weeks, the 
rabbits were injected intramuscularly with 200 jig of the transferase 
in 1.0 ml of 0.9% NaCl and 1.0 ml of Freunds' incomplete adjuvant 
Twelve days after the final injection, the rabbits were bled. The blood 
was left at room temperature for 2 h and then stored overnight at 
4 °C to coagulate. After centrifugation. the serum was made 0.0001% 
in Merthiolate and stored at -20 °C. 

Carbohydrate Analysis 

Galactose was determined by the galactose dehydrogenase method 
(27) following acid hydrolysis. Fucose was determined by the method 
of Dische (see Ref. 28). Sialic acid was estimated by the periodate/ 
resorcinol method (29). 

RESULTS 

Purification of the Fucosyltransferase Activities 

Purification of the iV-acetylglucosaminide al 3 and al 
—> 4 fucosyltransferase activities from 32 liters of human milk 
is summarized in Table L Enzyme activity in column eluates 
was routinely assayed using 2'-fucosylLactose, an acceptor 
substrate specific for the al 3 fucosyltransferase. However, 
as shown in Table I, the ratio of the two fucosyltransferase 
activities remained constant throughout the purification. 

Step 1: Batch Adsorption on SP-Sephadex — This step 
serves primarily to concentrate the enzyme solution so that it 
can be handled more easily in subsequent steps. Stepwise 
elution of the enzyme is used to avoid dilution. This column 
also removes the /?-galactoside al -* 2 fucosyltransferase 
which does not adsorb to the SP-Sephadex under these con- 
ditions. The enzyme eluted from this column can be stored 
for at least 8 months at 4 °C with no loss in activity. 

Step 2: First Chromatography on GDP-Sepharose—A& 
shown by the elution profile in Fig. 1, the GDP-hexanolamine- 
Sepharose is a very potent and specific affinity adsorbent for 
the enzyme giving a typical purification of 500-600-fold in this 
step. The Jigand concentration on the affinity adsorbent is 
crucial in the purification. At concentrations greater than 4 
pmol/ml of settled gel, high salt concentrations (2 m) that 
cause inactivation of the enzyme are required for effective 
elution, but at ltgand concentrations less than 1 umol/ml of 
settled gel, the transferase does not adsorb efficiently. It is 
also important to keep the protein concentration of the eluted 
enzyme solution as high as possible, since at high salt concen- 
trations (>0.4 m) the enzyme is rapidly inactivated in dilute 
solution. Since GDP cannot be quickly removed by dialysis, 



the enzyme solution is desalted on Sephadex G-25 prior to 
rechroma tography on the affinity adsorbent. 

Step 3: Second Chromatography on QDP-Sepharose—Re- 
chromatography of the enzyme on a smaller affinity column 
as shown in Fig. 2 results in another 20-fold purification. 
Dialysis of the active fractions against buffer containing 50% 
glycerol provides further concentration and protects the en- 
zyme from inactivation. 

Step 4: Chromatography on CM-Sepharose — Fractiona- 
tion of the enzyme on CM-Sepharose as shown in Fig. 3 
effectively separates the transferase from several contaminat- 
ing proteins which co-elute from the affinity column, and from 
the GDP, which must be removed prior to Step 5. 

Step 5: Concentration on ODP-Sepharose — Affinity chro- 
matography is used as the final concentration step because it 
can separate active from inactive enzyme. This is important 
because approximately 40% of the activity is lost in the pre- 
vious step. The enzyme obtained from this column is easily 
inactivated, particularly in dilute solution, but is stable for at 
least a year when stored in 50% glycerol at —20 °C at a protein 
concentration of 30 /tg/mi. 

Purity and Molecular Weight 

The enzyme preparation was analyzed by sodium dodecyl 
sulfate-poiyacrylamide gel electrophoresis at several stages in 
the purification. As shown in Fig. 4, a sample from the final 
purification step (gel D) displayed two major electrophoretic 
species with apparent M T - 51,000 and 53,000. These two 
bands account for greater than 95% of the Coomassie blue 
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Fxo. 1. Adsorption of the fucosyltransferase on GDP-hex- 
anoIamine-Sepharose and elution with GMP. The' concentrated 
milk from Step 1 was applied to a column (1.6 x 12 cml of GDP- 
hexanoIamine-Seph arose as described under "Experimental Proce- 
dures," At the arrow, the column was eluted with buffer containing 
0.8 m NaCl, 5 roM GMP. Fractions (10 ml) were monitored for 
fucosyltransferase activity (•) by Assay I and foT protein concentra- 
tion (O). 



Table I 

Purification of the human milk fucosyltransferase activities 
Details of the purification are described under "Experimental Procedures," 



Step 



Volume 



Total protein 



Specific activity 



al — 3* 



al-4* 



Yield 



Purification 





ml 


mg 




units/mg 


% 


-fold 


Whole milk 


32,000 


448.000 


0.0000040 


0.0000022 


100 


1 


1. SP-Sephadex 


310 


24,000 


0.000068 


0.000040 


93 


17 


2. GDP-Sepharose I 


no 


35.8 


0.0040 


0.022 


86. 


10,000 


3. GDP-Sepharose II 


12 


1.7 


0.78 


0.44 


74 


196,000 


4. CM-Sepharose 


22 


0.5 


1.70 


0.94 


45 


425,000 


5. GDP-Sepharose It! 


6.5 


0.2 


2.05 


1.13 


23 


513.000 



" One unit equals 1 ftmol of product formed/min under the conditions described for Assay 1. 
* One unit equals 1 junol of product formed/min under the conditions described for Assay II. 



08/23/2005 08:58 FAX 7737023022 



Univ. of Chic. ILL 



@006 



Purification of Human 




60 120 180 

VOLUME {ml) 



Fig. 2. Rechromatography of the fucosyltransferase on 
GDP-hexanolamine-Sepharose. The desalted enzyme from Step 
2 was applied to a column (0.8 x 5 cm) of GDP-hexanolamine- 
Sepharose as described under "Experimental Procedures." At A, the 
column was washed with buffer containing 0.8 M NaCl, and at B, the 
enzyme was eluted with buffer containing 0.8 m NaCl, 5 mM CMP. 
Fractions were monitored for fu cosy I transferase activity Assay I (•) 
and for protein concentration (O). 




VOLUME (ml) 



Fig. 3. Chromatography of the fu cosy 1 transferase on CM- 
Seph arose. The enzyme from Step 3 was applied to a column (1.6 
x 3 cm) of CM-Sepharose CL-6B and eluted with a pH gradient as 
described under "Experimental Procedures." Fractions were moni- 
tored for fucosyltransferase activity {•). protein concentration (O), 
and pH (A). 

staining material on the gel. Several minor bands are also 
observed, but since these do not show enrichment upon puri- 
fication, it is unlikely that they represent the fucosyltransfer- 
ase. 

Enzymatic Properties 

Acceptor Substrate Specificity—The activity of the purified 
enzyme (s) toward a variety of oligosaccharide acceptor struc- 
tures is shown in Table II. Although fucose is transferred 
exclusively to the N-acetylglucosamine or glucose residues in 
these structures, as demonstrated below, only those oligosac- 
charides containing the GsJfil — ► xGlcNAc/Glc sequence are 
acceptors. Removal of the nonreducing terminal galactose 
residue from these structures abolishes the acceptor activity. 
Thus, no transfer is obtained to Af-acetylglucosamine ( glucose, 
or asialoagalactotransferrin. The enzyme(s) is also inactive 
toward the disaccharide Gal/?1 -» 3GalNAc and antifreeze 
glycoprotein which contains this disaccharide group in O- 
linkage to threonine, indicating that ^-acetylgalactosamine 
cannot replace W-acetylglucosamine in acceptor substrates. 
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The absence of activity toward antifreeze glycoprotein and 
asialoagalacto transferrin also indicates that the transferase 
preparation is free of the H blood group jG-galactoside al -* 2 
fucosyltransferase and the JV-acetylgJucosaminide al -* 6 
fucosyltransferase that transfers fucose to the asparagine- 
linked N-acetylgiucosamine residue, since these are specific 
acceptors for the two enzymes. 

Oligosaccharides and glycoproteins with the nonreducing 
terminal sequences Gal/fl -» 4GlcNAc, Gal£l 3GlcNAc, 
and Gal/?1 4Glc are acceptor substrates for the transfer- 
ase(s). Comparison of the Michaelis constants in Table II 
indicates that acceptors containing the /H -+ 4 linkage are 
somewhat better than those containing the fil 3 linkage 
and that the larger oligosaccharides are slightly better than 
the smaller ones. A very low level of activity is observed with 
Gal^l -> 6GlcNAc and Galfil -* 6Glc, but since the structure 
of the fucosylated products has not been determined, the 
possibility that the true acceptors are a minor contaminant in 
the acceptor preparation cannot be excluded. Transfer was 
also observed to a mixture of lacto-/v~-fucopentaoses II and III, 
indicating that the enzyme(s) can utilize internal Gal/31 — ► 
4Glc sequences as well. 

Substitution of oligosaccharide substrates with other sugar 
residues can have varying effects on their acceptor activities. 
The kinetic constants shown in Table II for lacto-/V-fucopen- 
taose I compared to lacto-iV-tetraose and for 2'-fucosyllactose 
compared to lactose indicate that fucose in al — ► 2 linkage to 
the nonreducing terminal galactose markedly enhances the 
activity of an acceptor. Similarly, 6'-galactosyllactose is a 
better acceptor than lactose. In contrast, substitution of either 
the 3 or 6 hydroxyl of the galactose residue in lactose with 
sialic acid completely abolishes acceptor activity. 

Kinetic Studies— The K m values calculated for GDP-fucose 
from Lineweaver-Burk plots of initial rate data obtained at 
saturating concentrations of lactose (0.15 M), Gal/?1 — > 
4GlcNAc (5 mM), and Gal/ft -* 3GlcNAc (5 mM), were 13.1, 
5.0, and 10.5 /*m, respectively. Lacitol is a competitive inhibitor 
with respect to lactose with a K t of 17 mM, and GDP and 
GMP are competitive inhibitors with respect to GDP-fucose 




53 r 000 
51,000 



A B C D 

Fig. 4. Sodium dodecyl sulfate-polyacrylamide gel electro* 
phoresis of the enzyme at several stages of the purification. 
Samples were dialyzed, lyophilized, and redtssolved with heating (5 
min at 110 °C) in sample buffer containing 2% /J-mercaptoethanol. 
Electrophoresis on 7.5% polyacrylamide gels was performed as pre- 
viously described (30, 31). Gels were stained with Coomassie blue. Get 
A, whole milk; Gel B, enzyme from Step 1; Gel C, enzyme from Step 
3; Gel D % enzyme from Step 5. 
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Table II 

Acceptor substrate specificity of fucosyltransferase 
Relative rates were obtained at a fixed concentration (1.0 mM) of 
acceptor substrate using Assay I for oligosaccharides and Assay III 
for glycoproteins. Kinetic constants were determined under standard 
assay conditions except that acceptor concentration was varied about 
K n . The amount of transferase/assay was varied to limit GDP-fucose 
consumption to no more than 20%. 

Substrate structure" 



Relative 
rate 


Apparent 
K m 




% 
100 


mM 
0.8 


ixmol/ 
min/mg 

6.8 



43 


1.6 


4.2 


33 


3.8 


5.9 


29 


1.9 


3.2 


28 


0.4 


1.4 


20 


2.4 


2.6 


U 


11 


4.9 


7 


2.5 


I 


4 


12 


2 


2 

0.05 


59 

ND* 


3.8 
ND 


0.05 


ND 


ND 



Lacto-AT-fucopentaose I (Fucal — > 

2Gal/?l -* 3GIcNAc01 — 3Gal/?l 

— 4G!c) 
N-Acetyllactosamine (Gal/?1 -* 

4G!cNAc) 
Lacto-iV-neotetraose (Gal/?1 — » 

4GlcNAc£l — 3Gal/ft -> 4Glc) 
Galactosyl 01 -> 3 A/-acetylglucosa- 

mine (Gal)3l 3GlcNAc) 
Asialotransferrin (Gal/?l — » 

4GtcNAc0l — 2Man-> 
Lacto-N-tetraose (Gal/?1 ~* 

3GlcNAc£l -* 3Gal£l — 4Gic> 
2'-Fucosyllactose (Fucal -* 2Gal/?l 

-* 4Glc) 

Lacto-N-fucopentaoses II + HI 

[Gal/?1 3/4 (Fucal 4/3) 

GIcNAcySl — 3Gal/?l -> 4Glc] 
6'-GaIactosyllactose (Gai^l -* 6Ga}/ft 

— 4Glc) 
Lactose (GaljSl 4Glc) 
Galactosyl /?! -► 6 W-acetylglucosa- 

mine (Gal^I — 6GlcNAc) 
Galactosyl pi -* 6 glucose (Gal/?* -> 

6GIc) 

0 The following oligosaccharides or glycoproteins were not accep- 
tors: 3Vsiaiyllactose (Sia<x2 -* 3Ga)£l 4Glc) t 6'-sialylIactose (Siaa2 

GGa\pi 4GJc>, galactosyl fll 3 N-acetylgalactc^mine (Ga^l 
— » 3GalNAc), galactosyl J3\ — • 4 glucitol, glucose, W-acetylglucosa- 
mine, antifreeze glycoprotein, and asialoagalacto transferrin. 

h ND, not determined. 

with Ki values of 16 and 60 um, respectively. 

The inhibition patterns obtained with a specific acceptor of 
one of the fucosyltransferase activities as an inhibitor of a 
second fucosyltransferase activity are shown in Fig. 5. While 
the oligosaccharides used in these studies are also acceptors, 
they can be used as inhibitors in this case since the resulting 
product can be easily removed from the product of interest. 
The Lineweaver-Burk plots in Fig. 6 show transfer of fucose 
to asialotransferrin, a specific acceptor for the N-acetylglucos~ 
aminide al 3 fucosyltransferase, in the absence of inhibitor, 
and in the presence of two different concentrations of either 
lacto-AMucopentaitoI I (Fig. M) t a specific acceptor for the 
W-acetylglucosaminide al -* 4 fucosyltransferase or 2'-fuco- 
syllactose (Fig. 5fl), a specific acceptor for the glucoside orl 
— » 3 fucosyltransferase. In both cases, the inhibition patterns 
are competitive suggesting that acceptors for all three fucos- 
yltransferase activities bind at a single active site or that all of 
the acceptors can bind to each of the fucosyltransferase spe- 
cies. The fact that the inhibition constants calculated from 
the data in Fig. 5 for lacto-Af-fucopentaitol I (0.6 mM) and 2'- 
fucosyllactose {7 niM) are in good agreement with the K m 
values for these structures as acceptors (Table II) lends sup- 
port to the former alternative. 

Metal Jon Activation— The transferase(s) is active in the 
absence of divalent metal ions and in the presence of EDTA 
but it is stimulated to varying extents by a variety of cations 
including Mn*\ Cd*\ Co 2+ , Zn 2t , Mg 2+ , Ni a+ , Ca 2+ , and Ba 2+ . 
In this respect, the transferase is similar to the /?-galactoside 



a I -* 2 fucosyltransferase from porcine submaxillary gland 
which also shows nonessential activation by several divalent 
cations (32). 

The effect of varying the MnCl 2 or MgCi* concentration on 
both the al -* 3 and a I -* 4 fucosyltransferase activities is 
shown in Fig. 6. The activation observed is identical for the 
two activities at all concentrations of both Mn 2+ and Mg 2 *. 
Activation by Mn 2 * is maximal at 5 mM and falls off rapidly 
at higher concentrations. In contrast, 20 mM Mg 2 * is required 
for maximal activation but the activity remains constant at 
higher concentrations. Metal ion concentrations required for 
half-maximal activation are approximately 0.5 and 5 mM for 
Mn 2 " and Mg 2 *, respectively. 

pH Optima— As shown in Fig. 7, the al -* 3 and al -* 4 
fucosyltransferase activities show identical pH dependencies 
with a broad optimum between pH 7 and 7.8. 



i — i — i — i — r 




[ASIALOTRANSFERRIN]*', mM" 1 



Fig. 5. Inhibition of fucose transfer to asialotransferrin by 
lacto-AT-fucopentai tol I and 2*-fucosyllacto8e. Reactions were 
performed as described for Assay III. A, Lineweaver-Burk plot of the 
initial rates of fucose transfer to asialotransferrin in the absence of 
inhibitor (O) and in the presence of 021 mu (•) and 0.67 mM (V) 
lacto-N~fucopentaito! I. B, double reciprocal plot of the initial rates 
of fucose transfer to asialotransferrin in the absence of inhibitor (O) 
and in the presence of 5.1 mM (•) and 15.3 mM (V) 2'-fucosyllactose, 




10 20 30 40 

METAL CONCENTRATION (mM) 
Fig. 6. Effect of Mn 1 * and Mg** concentrations on the fucos- 
yltransferase activities. Asssys for the al -+ 3 fucosyltransferase 
(O, A) and the al -* 4 fucosyltransferase, (•, ▲) were performed as 
described for Assays I and II, respectively, except that the Mn** (A, 
A) or Mg 2 * (•, O) concentrations were varied as indicated. 
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Fro. 7. Effect of pH on the fucosyitransferase activities. As- 
says of the al — * 3 fucosyitransferase (•) and the al -* 4 fu cosy 1 trans- 
ferase (O) were performed as described for Assays I and II, respec- 
tively, except that the pH of the buffer was varied as indicated. The 
buffers used were 2-(^morphoUno)ethanesulfonic acid (pH 5.5-6.5), 
Mops (pH 6.5-7.8). and Tris (pH 7.8-9.2). 

Enzyme Inactivation—The inactivation of the AT-acetylglu- 
cosaminide al — * 3 and al — > 4 fucosyitransferase activities by 
preincubation at 59 °C or by reaction with 3 mM Methylmal- 
eimide is shown in Pigs. 8 and 9. In both instances, the two 
activities display nearly identical rates of inactivation, further 
indicating that the two activities are catalyzed by very similar, 
if not identical, enzyme species. 

Characterization of Reaction Products 

The fucosylated reaction products obtained with the oligo- 
saccharide acceptors listed in Table II were examined by 
paper chromatography as described under "Experimental Pro- 
cedures." In each case, a single radioactive product was ob- 
served which migrated at a position consistent with the addi- 
tion of a single fucose residue. The products obtained using 
2'-tucosyliactose (Fucal 2GaI/51 4Glc) and lacto-AT-fu- 
copentaose I (Fucal 2Gal£l -> 3GIcNAc£l -* 3Galjffl 
4Glc> co-migrate with authentic lactodifucotetraose [Fucal 
-> 2Gal£l -* 4(Fucal 3)Glc] and lacto-iV-difucohexaose I 
[Fucal — 2GaI01 3(Fucal — 4)GlcNAc01 — 3Gal01 -> 
4Glc], respectively. 

Products for structural characterization were prepared by 
exhaustive fucosylation of lactose (Gal£l 4Gtc), N-acetyl- 
lactosamine (GaljSl 4GlcNAc), and lacto-W-tetraose (Galjffl 
-* 3GlcNAcjff 1 — 3Gal£l — 4Glc) as described under "Exper- 
imental Procedures." Based on the incorporation of radioac- 
tivity, the products obtained contained 1.0, 1.0, and 1.8 mol of 
fucose/mol, respectively. Each of the acceptor substrates and 
products was methylated, hydrolyzed, acetylated, and re- 
duced, and the resulting products were analyzed by gas-liquid 
chromatography-mass spectrometry. In each case, fucosyla- 
tion of the acceptors resulted in the appearance of 2,3,4-tri-O- 
raethylfucitol. Comparison of the methylated products indi- 
cated that the 2 f 3,6-tri-0-methylgIucitol derived from lactose 
was completely replaced by 2,6-di-O-methylglucitol in the 
fucosylated product. Similarly, the 3,6-di-0-methyl-2-deoxy- 
2-A^methylacetamidoglucitol derived from W-acetyllactosa- 
mine was completely replaced by 6-0-methyl-2-deoxy-2-iV- 
methylacetamidoglucito) in the corresponding product. These 
results are consistent with the addition of a single fucose 
residue to the C3 position of glucose and N-acetylglucosamine 
in lactose and Af-acetyllactosamine, respectively. The meth- 
ylated derivatives obtained from the lacto-AT-tetraose product 
revealed that two sugar residues in the lacto-W-tetraose had 
been substituted, in accord with the observed incorporation 
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of radioactivity. The 4 l 6-di-0-methyl-2-deoxy-2-7V-methyl- 
acetamidoglucitol was completely replaced by 6-0-methyl-2- 
deoxy-2-iV-methylacetamidoglucitol and 80% of the 2,3,6-tri- 
O-methylglucitol was replaced by 2,6-di-O-methylglucitol. 
This is consistent with the addition of fucose to the C4 position 
of the W-acetylglucosamine residues and to the C3 position of 
80% of the glucose residues. 

The product obtained after exhaustive fucosylation of asi- 
alotransferrin with the purified enzyme was treated with the 
al 3/al -» 4 specific fucosidase from almond emulsin. 
Greater than 95% of the radioactivity was recovered as free 
fucose after digestion for 24 h. Under these same conditions, 
no fucose was released from a transferrin derivative containing 
fucose in al -* 2 linkage to the terminal galactose (18). These 
results confirm that the fucose occurs exclusively in a-linkage 
and indicate that the enzyme forms the same linkage with 
both oligosaccharide and glycoprotein acceptors. 

Antibody Inhibition of the Fucosyitransferase Activities 

Rabbit antisera prepared against the enzyme obtained in 
Step 5 caused inhibition of fucosyitransferase activity when 
preincu bated with the enzyme. As shown in Fig. 30, the 
glucoside al — ► 3 fucosyitransferase activity and the iV-ace- 
tylglucosaminide al — ► 4 fucosyitransferase activities are in- 
hibited identically at varying dilutions of antisera. These 
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TIME OF INCUBATION (min) 

Fio. 8. Heat inactivation of the fucosyitransferase activities. 
Reaction mixtures without GDP-fucose were prepared for the al -» 
3 fucosyitransferase (•) and the al -♦ 4 fucosyitransferase (O) and 
incubated at 59 °C for the times indicated. GDP-fucose was added 
and the assays were incubated for 10 min at 37 °C. 
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TIME OF INCUBATION (min) 
Fig. 9. Inhibition of the fucosyitransferase activities by 
ethylmaleimide. The enzyme in 50 mM Mops, pH 7.5, was incubated 
at room temperature with 30 mM N-ethyJmaleimide for the times 
indicated. The al -» 3 fucosyitransferase activity (•) and the a 2 -* 4 
fucosyitransferase activity (O) were assayed by Assays I and II, 
respectively. 
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DILUTION OF ANTISERUM 

Fig. 10. Inhibition of the fucosyltransferaae activities with 
the rabbit anti-fucosyltransferase antiserum. The purified en- 
zyme (30 ng) was incubated for 12 h at 4 °C in the indicated dilutions 
of antiserum. The al — ► 3 fuc oay 1 transferase activity A) was 
assayed by Assay I, and the al -+ 4 fucosyltransferase activity (O) 
was assayed by Assay II except that 0.1 pmol of lacto-TV-tetraose was 
used as the acceptor. Data is shown for both immune {#, O) and 
preimmune serum (A). 

results again suggest that the two activities are due to a single 
enzyme species, since there is no a priori reason to expect 
identical titers for antibodies elicited against two distinct 
proteins. 

DISCUSSION 

The Lewis blood group /v*-acetylglucosarninide al 4 
fucosyltransferase activity and the 7V-acetylglucosaminide al 
— ► 3 fucosyltransferase activity have been co-purified over 
500,000-fold from human milk. Purification was achieved pri- 
marily through repeated affinity chromatography on GDP- 
hexanolamine agarose, an analog of the nucleotide-sugar do- 
nor substrate GDP-fucose. This same affinity adsorbent has 
been used previously in the purification of the j3-galactoaide 
al —* 2 fucosyltransferase from porcine submaxillary glands 
(18). 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
of the purified enzyme reveals two electrophoretic species 
with apparent M x — 53,000 and 51,000. Since the molecular 
weight of the native enzyme has not been determined, it is 
not known whether the two protein bands correspond to 
different subunits of a multisubunit enzyme or two different 
molecular weight forms of the same enzyme. The fact that 
other glycosyltransferases purified from milk (33, 34) display 
multiple molecular weight forms supports the latter possibil- 
ity. 

The purified transferase will transfer fucose to oligosaccha- 
ride and glycoprotein acceptor substrates which contain the 
nonreducing terminal sequences Gal/?1 — * 3GlcNAc, Gal/71 
— > 4GlcNAc, and Gal/U — ► 4Glc. In all instances, removal of 
the terminal galactose residue abolishes the acceptor activity. 
Methylation analysis of the fucosylated products and the 
susceptibility of these products to hydrolysis by linkage-spe- 
cific fucosidases indicate that the enzyme forms exclusively 
the Fucal — » 4GlcNAc linkage with acceptors containing the 
Galfil 3GlcNAc sequence, the Fucal -*• 3GIcNAc linkage 
with acceptors containing the Gal01 -* 4GlcNAc sequence, 
and the Fucal -+ 3Glc linkage with acceptors containing the 
Gal/21 — » 4Gic sequence. 

A variety of experimental results suggests that the iV-ace- 
tylglucosaminide al -* 4 fucosyltransferase activity, the N- 
acetylglucosaminide al -* 3 fucosyltransferase activity, and 
the glucoside al 3 fucosyltransferase activity reside in a 
single enzyme species. These include the co-purification of the 



three activities over 500,000-fold, identical pH and divalent 
metal ion dependencies, identical rates of inactivation upon 
heating or reaction with iV-ethylmaleimide, and identical in- 
hibition titers when preincubated with the rabbit anti-fucos- 
yltransferase antiserum. In addition, acceptor substrates spe- 
cific for one activity are competitive inhibitors with respect to 
acceptors for the other activities with Kj values that are nearly 
identical with their K m values as acceptors. While none of this 
evidence is conclusive in itself, when taken together, it strongly 
suggests that the three activities are catalyzed by a single 
enzyme. 

In contrast, the genetics of the Lewis blood group system 
would seem to indicate that the N-acetylglucosamimde al — * 
3 and al -* 4 fucosyltransferase activities are catalyzed by 
distinct enzymes. The al — * 4 transferase is absent in individ- 
uals of the Lewis negative phenotype (4, 5) who account for 
5-10% of various ethnic populations (35), while the al — * 3 
transferase is present in all individuals regardless of their 
blood type (3, 7). Thus, the two activities appear to be inher- 
ited independently. There are at least two possible explana- 
tions that are consistent with both the experimental results 
with the purified transferase and with the observed genetics 
of the Lewis blood group systems. It is possible that the al 
— * 3 and al — » 4 fucosyltransferase activities are due to two 
distinct enzyme species that are structurally and enzymati- 
cally so similar that they cannot be distinguished by conven- 
tional techniques. Alternatively, the Le gene may encode for 
a fucosyltransferase which possesses both the al — ♦ 3 and al 
— * 4 activities while the allelic le gene encodes for a fucosyl- 
transferase that possesses only the al — » 3 activity. At the 
present time, there is no information available to distinguish 
between these two alternatives. 

If the three activities are indeed due to a single enzyme, 
this fucosyltransferase will represent the first known exception 
to the "one enzyme-one linkage" rule for oligosaccharide 
biosynthesis (36). The A^acetylglucosarmnide pi — * 4 galac- 
tosyltransferase of lactose synthase also displays a dual spec- 
ificity, forming both the Gal01 -* 4GlcNAc and the Galjffl 
4Glc linkages, but expression of the latter activity requires the 
presence of the specifier protein, a-Iactalbumin (37). 

Acknowledgment — We wish to thank Dr. A. R. Whorton (Depart- 
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The opinion in support of the decision being entered today was not written for 
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Before ROBINSON, ADAMS, and GRIMES, Administrative Patent Judges . 
ROBINSON. Administrative Patent Judge . 

DECISION ON APPEAL 

This is a decision on the appeal under 35 U.S.C. § 134 from the examiner's final 

rejection of claims 1 - 20, which are all of the claims pending in the case. 

Claim 1 is illustrative of the subject matter on appeal and reads as follows: 

1 . 1 A method of producing a fucosylated carbohydrate in a single 
reaction mixture comprising the steps of: 



1 An amendment was filed on October 29, 1993 which sought to cancel the 
phrase "with fucose" from part "(b)" of claim 1 . The record does not reflect that this 
amendment has been considered by the examiner or properly entered in this record. 
Therefore, the claim remains as filed and as reproduced above. 
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(a) using a fucosyltransferase to form an O-glycosidic bond between a 
nucleoside 5' -diphospho-fucose and an available hydroxyl group of a carbohydrate 
acceptor molecule to yield a fucosylated carbohydrate and a nucleoside 5-diphosphate, 
and; 

(b) recycling in situ the nucleoside 5* -diphosphate with fucose to form the 
corresponding nucleoside 5' -diphospho-fucose. 

The references relied upon by the examiner are: 

Wong et al. (Wong) 5,278,2.99 Jan. 11,1994 

Gokhale et al. (Gokhale) "Chemical Synthesis of GDP-fucose analogs and their 
utilization by the Lewis a (1-4) fucosyltransferase," Cancer Journal Chemical . Vol. 68 
pp. 1063-1071 (1989) ' 

- : Ichikawa et al. (Ichikawa (I)) "Enzyme-Catalyzed Synthesis of Sialyl 
Oligosaccharide with in Situ Regeneration of CMP- Sialic Acid," Journal of the American 
Chemical Society Vol. 113, pp. 4698-4700 (1991) 

Ichikawa et al. (Ichikawa (II)) "A Highly Efficient Multienzyme System for the 
One-Step Synthesis of a Sialyl Trisaccharide: In Situ Generation of Sialic Acid and N- 
Acetyllactosamine Coupled with Regeneration of UDP-Glucose, UDP-Galactose, and 
CMP-Sialic Acid," Journal of the American Chemical Society . Vol. 1 13, pp. 6300-6302 
(1991) 

Ground of Rejection 2 
Claims 1 - 20 stand rejected under 35 U.S.C. § 103. As evidence of 



2 In setting forth the grounds of rejection at page 4 of.the Examiner's Answer, the 
examiner has indicated that claims 1-20 stand finally rejected under 35 U.S.C. § 1 12, 
second paragraph. However, at page 3 of the Examiner's Answer, the examiner 
indicates that the rejection under 35 U.S.C. § 1 12, second paragraph has been 
withdrawn. Since there is no further reference to this rejection in the Examiner's 
Answer, we have assumed it has been withdrawn and have not considered this as an 
issue in this appeal. 



Appeal No. 1998-0529 
Application No. 07/961,076 

obviousness, the examiner relies upon Gokhale, Wong, Ichikawa (I) and Ichikawa (II). 
We reverse. 

Background 

The applicants describe the presently claimed invention at pages 1-2 of the 
specification as providing a method of producing a fucpsylated carbohydrate in a single 
reaction mixture comprising the steps of using a fucosyltransferase to form an 0- 
glycosidic bond between a nucleoside 5'-diphospho-fucose and an available hydroxyl 
group of a carbohydrate acceptor molecule to yield a fucosylated carbohydrate and a 
nucleoside 5'njiphosphate wherein the nucleoside 5'-diphosphate is recycled in situ with 
fucose to form the corresponding nucleoside 5'-diphospho-fucose. 

Discussion 
The refection under 35 U.S.C. § 103 

It is well-established that before a conclusion of obviousness may be made 
based on a combination of references, there must have been a reason, suggestion, or 
motivation to lead an inventor to combine those references. Pro-Mold & Tool Co. v. 
Great Lakes Plastics. Inc. 75 F.3d 1568, 1573, 37 USPQ2d 1626, 1629 (Fed. Cir. 
1996) (citation omitted). Moreover, the prior art must also establish that one would 
have had a reasonable expectation of achieving the present invention, Le^., a 
reasonable expectation of success. In re Vaeck . 947 F.2d 488, 493, 20 USPQ2d 1438, 
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1442 (Fed. Cir. 1991). Both the suggestion and the reasonable expectation of success 
must be found in the prior art, not in appellants' disclosure. In re Dow Chemical Co. . 
837 F.2d 469, 473, 5 USPQ2d 1 529, 1 531 (Fed. Cir. 1 988). 

The examiner relies on Gokhale as disclosing a process of transferring a fucose 
from nucleoside 5-diphospho-fucose to the hydroxy! group of a carbohydrate in the 
presence of a transferase. (Office Action of February 9, 1995 (Paper No. 15), pages 2- 
3). The examiner relies on Wong, Ichikawa (I), and Ichikawa (II) as disclosing the 
synthesis of sialyl carbohydrate by transferring the sialyl group to the carbohydrate from 
a nucleoside sialic acid in the presence of a sialyl transferase. In addition, these 
secondary references describe the regeneration in situ of the nucleoside sialic acid in 
the presence of sialic acid and a synthetase. (Paper No. 15, page 3). 

The examiner concludes that (Paper No. 1 5, page 3): 

it would have been obvious to regenerate the neucleoside 
[sic] fucose in the process of Gokhale et al. by supplying 
fucose and a synthetase as suggested by the secondary 
references disclosing an analogous regeneration. It would 
have been expected that in situ regeneration of neucleoside 
[sic] S'-diphosphate fucose in the process of Gokhale et al. 
would have been advantageous for the same reason that in 
situ regeneration of neucleoisde [sic] sialic acid is 
advantageous in the processes of the secondary references. 

Thus, the examiner's position can be summarized by stating that Gokhale 

discloses a process which reasonably corresponds to step "(a)" of claim 1 . The 
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secondary references, Wong, Ichikawa (I), and Ichikawa (II), disclose an analogous 
process wherein sialyl carbohydrate is produced by transferring a sialyl group to a 
carbohydrate from a donor molecule, e.g. cytidine monophosphate-sialic acid (CMP- 
sialic acid), in the presence of a sialyl transferase and wherein the donor molecule 
CMP-sialic acid is regenerated in situ using sialic acid, a CMP-sialic acid synthetase 
and the CMP from which the sialyl has been removed. (E.g., Wong, col. 5, line 66 - col. 
6, line 37, and Figure 1). 

In order to establish a prima facie case of obviousness on the facts before us, 
the examiner must have provided evidence which would have led one of ordinary skill in 
this art, at the time of the invention, to the claimed method of producing a fucosylated 
carbohydrate. Even if we assume for purposes of argument that one of ordinary skill in 
this art would have been motivated by Wong, Ichikawa (I), and/or Ichikawa (II) to try 
modifying the process disclosed in Gokhale in order to regenerate the donor molecule 
in situ , it remains that we have not yet reached the presently claimed method. Claim 1 
requires "recycling in situ the nucleoside 5-phosphate with fucose to form the 
corresponding nucleoside S'-diphospho-fucose." (Claim 1). On this record, the 
examiner has provided no facts or evidence which would suggest how this is to be 
accomplished. To the extent that the examiner would urge the substitution of fucose for 
the sialic acid in the secondary references, it has not been demonstrated that one of 
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ordinary skill in this art led to this substitution would have had a reasonable expectation 
of success. The recycling step of the secondary references require the presence of a 
synthetase which serves as a catalyst for the reaction between sialic acid and CMP. 
The examiner has provided no evidence which would demonstrate that the synthetase 
useful for generating CMP-sialic acid in situ in the processes described by Wong, 
Ichikawa (I) and Ichikawa (II) would function in a similar manner to produce the required 
nucleoside 5'-diphospho-fucose in situ in the process of Gokhale. The prior art, relied 
on by the examiner, does not establish, or even suggest, that nucleoside 5'-diphospho- 
fucose can be generated in this manner. We note that Gokhale uses a chemical 
synthesis to produce the necessary nucleoside 5'-phosphorfucose (Gokhale, page 
1068, col. 2, second paragraph through page 1069, col. 1). Thus, we find nothing in 
the references relied on by the examiner which would have directed one of ordinary skill 
in this art, at the time of the invention, to those conditions and ingredients which would 
have permitted the in situ regeneration of nucleoside 5'-phospho-fucose in the process 
described by Gokhale. 

The initial burden of presenting a prima facie case of obviousness rests on the 
examiner. In re Oetiker . 977 F.2d 1443, 1445, 24 USPQ2d 1443, 1444 (Fed. Cir. 
1992). On these circumstances, we are constrained to conclude that the examiner has 
failed to provide the evidence necessary to support a prima facie case of obviousness 
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as to a method of producing fucosylated carbohydrates in a single reaction mixture as 
presently claimed. Where the examiner fails to establish a prima facie case, the 
rejection is improper and will be overturned. In re Fine . 837 F.2d 1071 , 1074, 5 
USPQ2d 1596, 1598 (Fed. Cir.1988). Therefore, the rejection of claims 1 - 20 under 35 
U.S.C. § 103, as unpatentable over Gokhale, Wong, Ichikawa (I) and Ichikawa (II) is 
reversed. 



To summarize, the examiner's rejection of claims 1 - 20 under 35 U.S.C, § 103 
is reversed. 



Summary 



REVERSED 




Dpuglasm. Robinson 
Administrative Patent Judge 
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